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ABSTRACT 
Hot stamping and cold die quenching has been developed in forming complex shaped 
structural components of metals. This study is the first attempt to develop unified viscoplastic 
damage constitutive equations for the prediction of formability of metals under hot stamping 
conditions. In order to achieve the aim of this study, test facilities and methods need to be 
established to obtain experimental formability data of metals under hot stamping conditions. 
The research work is concerned with four aspects: thermo-mechanical properties of an alloy 
under hot stamping conditions, feasibility study of a novel biaxial testing system for hot 
stamping applications, formability tests by cruciform specimens under hot stamping 
conditions, and developed material models for formability evaluation and prediction.  
Hot tensile tests were performed at various temperatures and strain rates after heating and 
cooling processes to study the thermo-mechanical properties of AA6082 under hot stamping 
conditions. An error analysis of the proposed strain measurement method was carried out 
using an FE model coupled with thermo-electrical and thermo-mechanical conditions. The 
viscoplastic deformation behaviour of AA6082 was analysed in terms of temperature and 
strain rate dependence based on the experimental results. A viscoplastic damage constitutive 
model was developed to describe the thermo-mechanical response of the metal, material 
constants in which were calibrated from the hot tensile test results.  
A novel biaxial testing system was developed, patented and used for formability tests of 
AA6082 under hot stamping conditions after the feasibility study of this new testing method. 
Three heating and cooling strategies were proposed to investigate the temperature and strain 
distributions in a type of cruciform specimen. The dimensions of cruciform specimens 
adopted for the determination of forming limit under various strain paths were designed and 
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optimised based on the selective heating and cooling method. Formability tests of AA6082 
were conducted at various temperatures and strain rates after the heating and cooling 
processes. Two unified multi-axial viscoplastic constitutive models were developed and 
determined from the formability test results of AA6082 for the prediction of forming limit of 
alloys under hot stamping conditions.          
This research, for the first time, enabled formability data to be generated and forming limits 
to be predicted under hot stamping conditions. The technique has been verified for a 
particular aluminium alloy and can be applied to other metals under hot stamping conditions.     
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NOMENCLATURE 
𝑓 Yield function 
𝑛 Strain hardening exponent 
𝜀1, 𝜀2 Major strain and minor strain 
𝜎1, 𝜎2 Major stress and minor stress (MPa) 
𝛽 Ratio of minor strain to major strain 
𝐸0
∗, 𝑡0 Material constants 
𝑡 Thickness of metal sheets (mm) 
𝑝 Exponent (influence of the thickness) 
𝑟 Sheet curvature radius (mm) 
𝑇 Absolute temperature (K) 
𝑓0 Pre-existing imperfection in M-K model 
𝑡0
𝑎, 𝑡0
𝑏 Thicknesses of zone a and b (mm) 
𝜎1𝑎, 𝜎1𝑏 Principal stresses in zone a and b (MPa) 
∆𝜀𝑎1, ∆𝜀𝑏1 Strain increments in the 1
st
 direction in zone a and b 
∆𝜀𝑎2, ∆𝜀𝑏2 Strain increments in the 2
nd
 direction in zone a and b 
𝜃 Angle in the imperfection zone (rad) 
𝑁, 𝑀 Functions of temperature 
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𝑃, 𝑄 Functions of 𝛽 ratio 
𝑎, 𝑏, 𝑐, 𝑑 Material constants 
𝑇𝑚 Melting temperature of a material (K) 
𝜎 Flow stress (MPa) 
𝐾 Strength coefficient (MPa) 
𝜀𝑃,  𝜀?̇? Plastic strain and plastic strain rate 
𝑚 Strain rate hardening exponent 
𝑘 Initial yield stress (MPa) 
𝑅 Strain hardening (MPa) 
𝜎𝑣 Viscous stress (MPa) 
𝑛1 Viscous exponent 
𝜀0̇ Constant 
𝐾0, 𝑘0, 𝑛10 Material constants 
𝑄𝑘  Activated energy related to initial plastic slip (J/mol) 
𝑄𝐾, 𝑄𝑛1 Activated energy related to viscosity (J/mol) 
𝑅𝑔 Universal gas constant (J/(molK)) 
?̅?, ?̇̅? 
Normalised dislocation density and normalised 
dislocation density evolution rate  
𝜌0 Initial dislocation density 
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𝜌 Instantaneous dislocation density during deforamtion 
𝑛𝑅 Hardening exponent  
𝐵 Parameter related to isotropic hardening (MPa) 
𝐵0 Material constant (MPa) 
𝑄𝐵 Activated energy related to isotropic hardening (J/mol) 
𝐿 Mean slip distance of dislocation  
?̇? Isotropic hardening evolution rate 
𝐴 
Material constant related to evolution of dislocation 
density 
𝑛2 
Material constant related to static recovery of dislocation 
density 
𝐶 Parameter related to static recovery of dislocation density 
𝐶0 Material constant 
𝑄𝐶 
Activated energy related to static recovery of dislocation 
density (J/mol) 
𝜔, ?̇? Damage and damage evolution rate 
𝜎𝑒 Effective stress (MPa) 
𝜆 Material constant 
𝜂1, 𝜂2, 𝜂3 Parameters related to damage 
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𝜂10, 𝜂20, 𝜂30 Material constants 
𝑄𝜂1, 𝑄𝜂2, 𝑄𝜂3 Activated energy related to damage (J/mol) 
𝐸 Young’s modulus of elasticity (MPa) 
𝜀𝑇 Total strain 
𝜀𝑃 Plastic strain 
T1, T2, T3,  
T4, T5, T6 
Thermocouple locations on a specimen 
𝑆1, 𝑆2, 𝑆1
∗, 𝑆2
∗ Displacements (mm) 
∅∗ Updated value of current density (A/mm2) 
𝐾𝑖 Constant 
𝑇𝑖 Predefined program temperature (K) 
∆𝑇𝑖 
Difference of calculated and predefined program 
temperatures (K) 
𝑡𝑖 Time of iteration (s) 
𝜀𝑖𝑗
𝑡 , ∆𝜀𝑖𝑗
𝑡  Total strain tensor and total strain increment tensor 
∆𝑡 Time step (s) 
𝜀𝑖𝑗
𝑒 , 𝜀𝑖𝑗
𝑝
 Effective strain tensor and plastic strain tensor 
𝜀?̇?
𝑝
 Equivalent plastic strain rate 
𝜎𝑖𝑗 Stress tensor (MPa) 
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𝑥 Distance from the mid-length to gauge length (mm) 
𝑡𝑓 Time at the final stage of the tension (s) 
𝑄𝐸 Activated energy related to elastic modulus (J/mol) 
𝑆𝑖𝑗 Deviatoric stress component (MPa) 
𝛿𝑖𝑗 Kronecker delta 
𝜓 Function of power-law viscoplastic potential 
𝐷𝑖𝑗𝑘𝑙 Elastic matrix 
𝜎𝐻 Hydrostatic stress (MPa) 
𝛼1, 𝛼2, 𝛼3 Material constants 
𝜑, 𝜙 Parameters related to damage evolution 
𝛥, 𝛥∗ Correction factors 
𝛥11, 𝛥12, 𝛥21, 𝛥22 
𝛥11
∗ , 𝛥12
∗ , 𝛥21
∗ , 𝛥22
∗  
Material constants 
𝜑11, 𝜑12 Material constants 
𝜇2 Material constant 
𝛾 Constant 
𝜇1 Parameter related to damage evolution 
𝜇11, 𝜇12 Material constants 
𝜙11, 𝜙12 Material constants 
XI 
 
R1 Radius of the input rotatable member (mm) 
L1 
Length of the rod connecting it to a jaw of the Gleeble 
(mm) 
S1 
Length from the initial location of the Gleeble jaw to the 
centre of rotation (mm) 
R2 Radius of the output rotatable member (mm) 
L2 
Length of the rod connecting it to the gripping point on 
the specimen arm (mm) 
S2 
Initial distance from this gripping point to the centre of 
rotation (mm) 
𝜃1 Angle of rotation (rad) 
𝜀𝑒 Effective strain 
𝜀3 Strain in the thickness direction 
𝜀𝐸1,2 Engineering strain in the 1
st
 and 2
nd
 directions 
𝜀𝑇1,2 True strain in the 1
st
 and 2
nd
 directions 
𝑟1 Radius of the circular recess in the specimen centre (mm) 
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CHAPTER 1 INTRODUCTION 
1.1 Industrial requirements for stamping lightweight panel 
components 
The automotive industrial is facing a huge global challenge to reduce fuel consumption and 
minimise environmental pollution from vehicle emissions. Since cars are responsible for 
around 12% of total EU emissions of carbon dioxide (CO2), the main greenhouse gas, EU 
legislation sets the target for new cars to achieve 40% of emission reduction by 2020 [1]. The 
75% of fuel consumption depends on the vehicle weight; therefore, the lighter the vehicle 
weight, the less the fuel consumption [2]. 
Weight reduction can improve the performance of automobiles and can directly reduce 
energy consumption, which is beneficial to fuel economy improvement and environmental 
friendliness [3]. A 10% decrease in the mass of a conventional vehicle results in a 6% to 8% 
decrease in fuel consumption rate without compromising vehicle’s performance [4]. Two 
feasible routes to reduce weight of automobile structures are; using strong steel sheet, which 
enables a thinner gauge to be used, and using sheet of low density, such as aluminium alloys.  
Steel has been the dominant material used in producing automobile components since the 
1920s due to its high strength and toughness, good corrosion resistance, good formability and 
weldability, etc. Ultra high strength steels are used to manufacture automobile structural 
components in order to reduce vehicle weight, improve safety and crashworthiness [5]. 
Lightweight materials are already frequently used to reduce the weight of components and 
structures in place of steel and cast irons in automotive industry during past few decades. 
Together with magnesium alloys, composite materials and plastics, aluminium alloy is a 
suitable light-weighting material because it can have reasonable strength and it provides a 
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weight saving of up to 40% over steel in most applications without compromising safety [6]. 
Aluminium alloy has a moderately high strength and stiffness to weight ratio, good 
formability, weldability and recyclability and a high level of corrosion resistance [7]. It has 
already been used for manufacturing car components, such as engine blocks, body structures, 
power train, bumper systems, chassis, heat exchangers and wheels [8].  
At room temperature, ultra high strength steel is difficult to form and aluminium alloy has 
low formability, which leads to high springback and poor surface quality of formed 
components. To deal with this problem, hot forming technologies have been developed; they 
are hot stamping and cold die quenching (also termed as press hardening) of quenchable steel 
sheets [9] and solution heat treatment, forming and in-die quenching (HFQ) of lightweight 
alloys. 
1.2 Introduction to hot stamping  
1.2.1 Hot stamping and cold die quenching process 
The hot stamping and cold die quenching process was patented and industrialised by a 
Swedish company in 1977 for producing saw blades and lawn mower blades from a steel 
containing boron which has high quenchability [10]. The first press hardened components on 
automobiles were intrusion door beams. Compared with conventional steel components, these 
had reduced gauge and ultra-high strength, and were manufactured by Saab Automobile AB 
for Saab 9000 in 1984 [11]. Since then, the press hardening technology has experienced 
tremendous development in automotive applications. Production in 2007 amounted to 107 
million parts and it is expected to be 650 million parts in 2015 [12]. The hot stamping 
technology is also used increasingly to obtain shapes with greater complexity than that of 
intrusion door beams and with high mechanical properties, such as transmission tunnels.  
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Conventional hot stamping processes can be classified into two main variants, namely direct 
and indirect hot stamping. Figure 1.1 presents the basic process chains of the two stamping 
methods. In the direct hot stamping process, metal sheet is heated to a temperature at which it 
is a solid solution with a single phase, transferred to a press and simultaneously formed and 
quenched in a cold tool. In the indirect hot stamping process, a nearly complete cold pre-
formed part is heat treated to austenitization, followed by calibration and quenching in the 
pressing operation [5].   
       
Figure 1.1 Basic hot stamping process chains: (a) direct hot stamping, (b) indirect hot 
stamping [13] 
The control of die temperature, cooling rate, forming speed and metallic sheet temperature 
are critical conditions for the success of these processes. The temperature profile applied to 
the hot stamping process is presented schematically in Figure 1.2. 
(a) 
 
 
 
 
(b) 
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Figure 1.2 A schematic showing the typical temperature profile in a hot stamping process 
1.2.2 Solution heat treatment, forming and in-die quenching (HFQ) 
In order to overcome the drawbacks of low formability at room temperature and resulting 
poor mechanical properties and significant springback resulting from warm forming of 
aluminium alloys, solution heat treatment, forming and in-die quenching (HFQ) was 
formulated and patented [14] as a novel process to form complex shaped, light weight, high 
strength aluminium alloy panel components for lightweight parts of vehicles [15, 16]. 
Figure 1.3 shows the basic stages of the HFQ process [18].  Sheet is heated to a solution heat 
treatment (SHT) temperature at which its microstructure is a solid solution with a single 
phase, then it is transferred to a press and simultaneously formed and quenched in a cold tool 
from which it emerges with a microstructure of solid solution virtually completely retained. 
The formed part can then be aged and maximum mechanical properties achieved [5]. This 
method can be used to form complex shaped components with minimal thermal distortion 
and springback in one forming operation at a low cost with heat treatable low density sheet 
aluminium alloys [17] and magnesium alloys [18]. To be successful, forming parameters, 
such as heating rate, cooling rate, forming temperature and strain rate, need to be controlled 
[19]. 
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Figure 1.3 Stages of the HFQ process [20] 
1.3 Problem description 
1.3.1 Determination of thermo-mechanical properties under hot stamping 
conditions 
To optimise the HFQ process for different alloys, computer-based material and process 
modelling is used. This requires accurate constitutive data relevant to processing conditions 
for each particular alloy and as yet there are no generally accepted testing standards for 
obtaining these. Uniaxial tensile testing is the most commonly used method to obtain 
mechanical properties of metals, such as ductility, yield and tensile strength and strain 
hardening behaviour [5]. The uniaxial tensile test procedure and method of strain 
measurement and dimensions of specimens have been standardised for applications under 
isothermal conditions [21]. Uniaxial tensile testing at elevated temperatures is usually carried 
out with both tools and test-piece in a furnace, in order to maintain isothermal conditions. For 
tests not conducted under strictly isothermal conditions, the allowable temperature variation 
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within a test-piece needs to be defined, which is the major difference from testing at ambient 
temperature [22]. It is noted that existing standards are applicable only for testing under 
isothermal or near isothermal conditions or with a small permitted temperature deviation 
within the gauge region of a specimen.  
In order to characterise alloy properties subjected to hot stamping processes, rapid heating 
and cooling on a specimen must be the integral part of a uniaxial tensile test; therefore, 
conventional hot uniaxial testing which is operated in an oven or furnace is impractical. 
Performing uniaxial tests in a Gleeble [23] can be considered as an alternative method since it 
has facilities to fast heat and cool a specimen at any stages in a deformation cycle. However, 
the temperature gradient along the gauge length of a specimen is difficult to eliminate in this 
case because of the heat loss from the clamped ends of the test-piece during resistance 
heating. The non-uniform temperature distribution within the gauge length of a test-piece 
results in inhomogeneous deformation. The parallel length then cannot be used to calculate 
the average strain for stress-strain curves. The definition of effective gauge length is therefore 
critical in order to determine an accurate stress-strain relationship. The accuracy of strain 
measurement methods has seldom been discussed by researchers when temperature gradient 
exists in a specimen. A new strain measurement method needs to be proposed for uniaxial 
tensile testing under hot stamping conditions.  
1.3.2 Formability determination under hot stamping conditions 
The development of most forming processes involves improvement of sheet metal 
formability which describes the degree of capability of a sheet metal to undergo plastic 
deformation in order to obtain a desired shape without defects [24]. Evaluation of the 
formability of a metal sheet is significant for practical applications of forming components in 
the automotive industry, but usually formability tests with special tooling and test procedures 
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are needed and it is not easy to obtain accurate results, especially for hot stamping 
applications. 
Conventional formability test methods used to determine forming limits are usually 
applicable for only room temperature and few investigations have been made on formability 
tests for elevated temperature sheet pressing processes. It is very difficult to obtain forming 
limits of metals under hot stamping and cold die quenching conditions at various deformation 
rates by using conventional methods, since cooling occurs prior to deformation and consistent 
values of heating rate, cooling rate, deformation temperature and strain rate are not easy to 
obtain. A new formability testing system is needed to evaluate formability of metals for hot 
sheet stamping applications. 
1.3.3 Formability prediction by materials modelling 
Experimentally determining formability is time-consuming and costly, which restricts the 
number of tests that may be conducted. Although various analytical and numerical models 
have been developed for theoretical formability prediction, most of them are applicable to 
only ambient conditions. Microstructural evolution in an alloy at elevated temperatures has a 
significant effect on formability. Therefore, a new materials model is needed for the 
prediction of forming limit of metals under hot stamping conditions. 
1.4 Aim and objectives of research 
The aim of this research is to develop material models to be used for formability prediction of 
alloys at elevated temperatures by adopting formability tests under hot stamping conditions. 
To do this, three objectives need to be achieved:  
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1) Develop an experimental method to characterise stress-strain relationships for an alloy 
at various elevated temperatures and strain rates for hot stamping applications. 
2) Propose a new experimental method of formability tests under hot stamping 
conditions and validate the feasibility of this method for forming limit determination 
at various temperatures and strain rates under different strain paths so that the 
formability of alloys can be evaluated experimentally under hot stamping conditions. 
3) Based on the experimental data of hot tensile tests and formability tests, develop a set 
of unified multi-axial constitutive equations which can be used to effectively predict 
thermo-mechanical response and forming limits of alloys under hot stamping 
conditions. 
1.5 Thesis structure 
In the first chapter problems of formability evaluation of metals under hot stamping 
conditions are described and the process and primary testing conditions of hot stamping are 
introduced. Experimental and numerical techniques used for evaluating formability at various 
conditions are reviewed and explained in Chapter 2.  
The experimental procedures developed over the course of this study are discussed in Chapter 
3. The accuracy of results from uniaxial tensile testing under hot stamping conditions in a 
Gleeble was improved by adopting the digital image correlation (DIC) technique. A novel 
biaxial testing system was designed and used for formability tests under hot stamping 
conditions. 
Potential heating and cooling strategies are introduced and discussed in Chapter 4 and the 
optimisation procedure using cruciform specimens, based on a selective heating and cooling 
method is also described in this chapter.  
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In Chapter 5 investigation into the effects of temperature and strain rate on thermo-
mechanical properties and forming limits of the exemplar material, are presented. An error 
analysis of the strain measurement adopted is also discussed in this chapter.  
The determined unified uniaxial constitutive equations formulated from hot tensile testing 
results are presented in Chapter 6. Two viscoplastic damage constitutive models developed 
for formability prediction and calibrated from experimental data are also presented in this 
chapter.  
The final chapter presents the key conclusions of this research and describes the 
improvements that could be made and a possible direction for future work.       
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CHAPTER 2 EXPERIMENTAL AND MODELLING 
TECHNIQUES FOR FORMABILITY EVALUATION  
2.1 Introduction to forming limit diagrams (FLDs) 
2.1.1 The concept and features of FLDs 
The forming limit diagram (FLD) is a traditional and useful tool to evaluate the formability of 
sheet metals. A schematic of FLD is shown in Figure 2.1.  
 
Figure 2.1 A schematic of forming limit diagram 
The key feature of an FLD is the forming limit curve (FLC). The FLC identifies the boundary 
between uniform deformation and the onset of plastic instability or diffuse necking which 
leads to failure [25]. The definition of a safety band or safety margin is also defined by 
offsetting down 20% from the experimental FLC [26]. The concept of an FLD was firstly 
proposed by Keeler and Backofen [27] who developed the right side and Goodwin [28] 
extended the FLD to the left side in the 1960s. The diagram represents the principal major 
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strain 𝜀1 and minor strain 𝜀2 combinations which cause severe necking or facture. In an FLD, 
strain paths are described as proportional, from uniaxial through plane strain to equi-biaxial. 
The region above the curve is considered to represent potential failure and the region below 
the curve is regarded as a safety region where uniform deformation occurs. A higher FLC 
indicates that the material has better formability if the shape remains the same.  
The FLD of a material at elevated temperatures vary greatly in terms of shape and position 
from that obtained at room temperature. This is because the formability of a sheet metal 
depends on both intrinsic parameters, such as microstructure and constitutive properties as 
well as extrinsic factors i.e. forming conditions, such as temperature, strain rate and strain 
path [29]. An example of an FLD for an aluminium alloy obtained at various temperatures is 
shown in Figure 2.2. When forming is performed at elevated temperatures, the formability of 
a material is significantly affected by temperature, forming speed and microstructural 
evolution of the material during deformation. It is therefore useful to know the failure limits 
of the material being formed under various forming conditions at elevated temperatures [30].   
 
Figure 2.2 The FLD of AA5754 obtained at various temperatures at the forming speed of    
75 mm/s [31] 
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The conventional FLD is based on linear strain paths and the effect of the strain path 
changing must be taken into account when using FLD to analyse a forming problem because 
the level and shape of the FLC may vary with the non-linearity of straining [32]. Thus, a 
strain-based FLD is valid only for processes in which loading is proportional and straining 
path is linear, so the ratios of the principal strains should be constant before the onset of 
necking [33].  
2.1.2 Development of an FLD 
        
(a) FLD                                                      (b) FLSD 
Figure 2.3 FLCs for linear strain paths and for a non-proportional strain path after 0.07 pre-
strain  [34] 
The effect of non-linear strain paths undermines the utility of the traditional strain-based FLD 
for formability assessment of metallic materials since the strain path is usually not 
proportional in a multi-stage forming process. Kleemola and Pelkkikangas [35] first proposed 
a stress-based FLD (FLSD), which is strain path independent, as an alternative FLD, to 
describe the forming limits by using major stress and minor stress as coordinates, as shown in 
Figure 2.3. Stoughton [36] concluded that it is necessary to use the stress-based criterion in 
all forming operations in order to get a robust measurement of forming severity. Criteria 
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based on Hosford’s non-quadratic theory or Hills’ general quadratic theory have been 
presented for isotropic and anisotropic materials to convert an FLD to an FLSD [34, 36, 37]. 
However, it is hard to determine an FLSD of a material experimentally and determination of 
FLSDs for elevated temperatures has hardly been tried. 
2.2 Experimental methods for FLD determination 
2.2.1 Introduction 
FLDs of sheet metals are usually obtained experimentally. Different types of testing methods 
have been proposed such as, varying the dimensions of specimens and shapes of elliptical 
dies in the hydraulic bulge test [38] or shape of punch [39] in the biaxial stretching test. At 
present, two types of formability test approaches are commonly used to determine limit 
strains; they are the out-of-plane test and the in-plane test, as shown diagrammatically in 
Figure 2.4.  
                 
(a) The typical out-of-plane test setup                 (b) The typical in-plane test setup 
Figure 2.4 Schematics showing tooling geometries used in conventional formability tests  
The out-of-plane one is a commonly used method, which involves stretching specimens with 
different widths by a rigid hemispherical punch or hydraulic pressure. For the in-plane one, 
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the test material is stretched over a flat-bottomed punch of cylindrical/elliptical cross section 
or hydraulic pressure, which creates uniform in-plane biaxial strain in the centre of the 
specimen.  Raghavan [40] compared the two methods at room temperature and found that 
forming limits obtained by the in-plane method are slightly lower than that obtained by the 
out-of-plane method near the plane strain state of an FLC. Similar comparison results were 
obtained by Ragab [41] and Ghosh [42]: The out-of-plane test is complicated by the effects of 
friction, bending strain and normal pressure on the sheet specimens, which usually leads to 
results indicating higher forming limits than the one typically determined using the in-plane 
test method.  
2.2.2 Out-of-plane tests 
The out-of-plane formability test is a conventional method to determine an FLD (Figure 
2.4(a)). It involves stretching sheets of metal of various dimensions by applying a force 
through a rigid punch (or by hydraulic means). Nakazima [43] method is a typical out-of-
plane test to evaluate the formability of sheet metals. Multiple specimens with different 
widths are necessary to obtain forming limits under various strain paths. 
This type of test has a relatively simple procedure and good repeatability. Since the location 
of the failure occurrence is determined by specimen and tooling geometries, the out-of-plane 
method is not very sensitive to material defects. It can be used to obtain different linear strain 
paths by varying the dimension of specimens. For tests at high temperatures, the punch and 
die can be heated in order to create an isothermal environment on the specimen by heat 
transfer and obtain the FLD at elevated temperatures. Because of the contact between the 
punch and the test-piece, it allows to study the effect of friction coefficients on formability if 
the coefficients are able to be measured in practical tests. 
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On the other hand, FLDs determined by out-of-plane tests exhibit a dependence on the 
thickness of metal sheets and the dimensions of the punch used to deform the sheets. This is 
mainly due to the fact that the effect of friction between the sheet metal and the testing 
components cannot be avoided even if lubricants are used. Furthermore, large strain gradients 
are produced in the metal when this method is used and deformation strain rate is not constant. 
It is difficult to quantify normal pressure and friction condition so that the friction coefficient 
is less easy to define. In out-of-plane tests, the effective failure should occur in the contact 
region of the specimen with the punch, but the failure position is difficult to control, 
especially at elevated temperatures. 
The application of the out-of-plane test at ambient temperature has been standardised [44]. 
This type of test has also been used to obtain FLDs of metallic materials at high temperatures. 
By using the out-of-plane testing approach, Ozturk [45] investigated the effect of friction on 
formability and found that lubrication can reduce frictional forces and improve strain 
distribution so that the localised thinning is delayed. Ayres et al. [46] investigated strain rate 
and strain-rate hardening effects on formability of AA5182 by heating a spherical punch to a 
temperature of 25-200°C. It is found that increases in strain rate hardening, at elevated 
temperature and slow strain rates, more than offset decreases in strain hardening, which can 
improve the formability of AA5182 because the increasing strain rate hardening improves the 
uniformity of strain distribution. Shi et al. [47] obtained an FLD for AA5754 at different 
elevated temperatures (200-300°C) and different forming speeds (20-300 mm/s) by mounting 
the test rig in a furnace to make an isothermal environment. Hazra et al. [48] conducted the 
out-of-plane test of AA6111-T4 in plane strain at the specimen temperature of 200°C and 
found that the effect of tooling temperature rise (28-55°C) on the property of AA6111 is not 
significant but may alter the properties of the lubricant. Min et al. [49] determined the left 
hand side of an FLD for boron steel at a temperature of approximately 800°C for hot 
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stamping applications, but the deformation temperature cannot be controlled precisely since it 
takes time to transform the specimen from a furnace to the cold tooling. Bagheriasl [50] 
conducted an out-of-plane test by using cartridge heater for heating the die to obtain the FLD 
of AA3003 at 25-350°C and strain rate of 0.003-0.1 /s. The DIC technique was adopted to 
measure the strain on the specimen with etched 2 mm diameter circle grid patterns prior to 
forming.    
Testing with an oven or furnace to create an isothermal environment is practical for the 
determination of FLD at elevated temperatures. Figure 2.5 shows equipment set up for 
performing Nakazima tests at high temperatures at Imperial College [31]. Figure 2.6 shows 
the specimens deformed under different strain paths at different temperatures by the 
Nakazima testing method. Due to the limitation of temperature provided by the furnace and 
the low material strength of tooling inside the hot furnace, this method cannot be used for 
steel specimens with high ultimate tensile strength. For hot stamping applications, it is hardly 
to conduct the formability test inside a furnace when a cooling process is involved in the 
testing.   
                                
(a) The experimental setup                             (b) Tooling within furnace 
Figure 2.5 Tooling for formability tests equipped on a ESH high-speed press with an Instron 
furnace [31] 
Top connector for 
applying load 
Protection cage 
 Die and blank holder 
Hemispherical 
Punch 
17 
 
 
 
 
 
Figure 2.6 Specimens after forming at a speed of 75 mm/s at different temperatures [31] 
2.2.3 In-plane tests 
2.2.3.1 Marciniak in-plane test 
For the in-plane test (Figure 2.4 (b)), the central area of the sheet metal can be deformed with 
a uniform and proportional strain path, without any bending in the centre, where the 
measurement is performed. A carrier blank with a central hole is often used to avoid frictional 
contact between the sheet metal specimen and the punch. The localised thinning or fracture of 
the sheet metal is supposed to occur in the region of the sheet metal unsupported by the 
carrier blank. Marciniak [51] method is a typical in-plane test. The test procedure of the 
Marciniak in-plane testing method has also been standardised at ambient condition [44]. 
Figure 2.7 shows examples of specimens of low carbon steel and washers deformed by the 
Marciniak test method under various strain paths at room temperature.  
Since curvature and friction effects are absent, large strain gradients can be avoided in the in-
plane test, and forming limits are not influenced to the same extent by tooling geometry 
variables compared to the out-of-plane test, which allows forming limits to be more 
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accurately defined. The effective strain rate can be considered to be approximately constant 
in the concerned central region of the specimen. For in-plane tests without washers, in the 
same way as the applications of the out-of-plane test at high temperatures, the punch and die 
can be heated up in order to provide an isothermal environment by heat transfer for 
formability tests at elevated temperatures. 
 
Figure 2.7 Deformed specimens and washers by the Marciniak test [40] 
On the other hand, FLDs determined using this in-plane testing method are relatively 
sensitive to material defects, surface quality of punch and the selection of carrier blank size 
[40]. Furthermore, optimising the dimension and geometries of carrier blank and punch is 
necessary in order to induce strain localisation and cracking in the unsupported region of the 
specimen, which complicates the test procedure and increases the cost of testing. Localisation 
and fracture often does not occur near the pole of the sample at elevated temperatures, which 
makes the measurement of necking or failure strains difficult [25].  
Li and Ghosh [52] preformed formability in-plane tests to obtain the FLDs of aluminium 
alloys 5754, 5182 and 6111 with different die-punch temperatures from 20°C to over 300°C. 
Deformed 
specimens
Deformed 
washers
Uniaxial               Plane strain                 Biaxial                      Equi-biaxial
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No significant loss in the strength level of deformed specimens is caused by the high 
temperature in the range of 200-350°C and no data was obtained at temperatures over 350°C. 
Naka et al. [53] investigated experimentally the effects of forming speed (0.2-200 mm/min 
corresponding to strain rate 0.0001-0.1 /s) and temperature (20-300°C) on forming limits for 
AA5083. The punch was heated by electric heaters. Kim et al. [54] established the FLD of 
Al5182 + Mn alloy at three different temperature levels (250°C, 300°C and 350°C) under 
warm forming conditions. Palumbo et al. [55] performed warm formability tests by means of 
an electric heating system embedded in the punch and the specimen was heated by heat 
transfer. The FLD of AA5754 was obtained at the temperature range of 20-300°C and the 
dimensions of carrier blanks are of different designs for different temperatures. Hsu et al. [25] 
compared the out-of-plane test and Marciniak test for evaluating the formability of AZ31B at 
300°C and concluded that the out-of-plane test results provide better correlation with actual 
panel stamping trials but the Marciniak test results provide more accurate description of 
material behaviour.  
Neither of the conventional out-of-plane and in-plane methods of determining FLDs currently 
is suitable for hot stamping and cold die quenching conditions, which generally comprise 
subjecting the sheet specimen to a heating process, and then simultaneous cooling and 
deformation at elevated temperatures.  
2.2.3.2 In-plane tests based on biaxial testing machines  
In order to overcome the drawbacks of the formability testing methods described above, 
planar tensile tests utilising a tensile machine with cruciform specimens is an alternative 
method to determine FLDs of metallic materials. In this type of test, strain path before the 
onset of necking is independent of the dimension of specimen and no friction effect exists.    
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Hannon and Tiernan [56] reviewed planar biaxial tensile test systems for sheet metals and 
classified the test machines to two types i.e. stand-alone biaxial testing machines (Figure 
2.8(a)) and link mechanism attachments for uniaxial machines (an example in Figure 2.8(b)) 
for biaxial testing.  
                 
(a) Stand-alone biaxial testing machine  (b) Link mechanism attachments for 
biaxial testing machine [57]
Figure 2.8 Typical biaxial testing devices 
A servo-hydraulic machine provided with four independent dynamic actuators is a typical 
stand-alone device for biaxial testing. A commercial biaxial testing machine with induction 
heating facility is available in the market for biaxial testing at high temperatures. Researchers 
have used this type of biaxial loading to investigate mechanical behaviour of a material, such 
as fatigue [58], creep [59], elasto-plastic behaviour [60], yield criteria [61] or hardening laws 
[62]. However, a stand-alone biaxial testing machine is often very expensive. Some link 
mechanism attachments based on existing uniaxial testing machines have been designed to 
convert a uniaxial force to a biaxial one for the purpose of biaxial testing. Ferron and 
Makinde [57] designed a new test rig, using eight links, to be fitted in a uniaxial tensile 
testing machine. Terriault et al. [63] used a similar linkage system to transform a compression 
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testing machine into a biaxial test machine and put it into a thermal chamber to examine 
whether the onset of phase transformation could be described using the von Mises criterion. 
The link mechanism attachments are less efficient than stand-alone ones because it is not 
easily to change the ratios and loading combinations in the two vertical directions. In addition, 
this type of in-plane test based on tensile machines is hard to perform at elevated 
temperatures with accurate controls of heating rate and cooling rate. 
The design of cruciform specimens is a challenging and difficult issue. No standard specimen 
geometry is available yet and the suitable design varies according to the specimen material, 
the purpose of the tests, etc. Typical cruciform specimens have three features according to 
previous experience. Firstly, fillets or radii are introduced between adjacent arms of the 
specimen to reduce stress concentration in the corner section. Secondly, thickness reduction 
is involved in the central area of the specimen, which causes the gauge section to experience 
plastic deformation and the effective fracture to occur in this area. Thirdly, some slots are 
presented in the arms in order to distribute the load more evenly to the central gauge section 
and to reduce the load sharing in the arms [56]. Examples of specimen design are shown in 
Figure 2.9.  
 
                      (a)                               (b)                      (c)                    (d) 
Figure 2.9 Cruciform geometries with features of slots and central recess used in different 
biaxial tension studies [64] 
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A few formability studies using planar tensile tests at room temperature have been reported. 
Yu et al. [65] obtained an optimal cruciform biaxial tensile specimen with a chamfer on the 
arms and central region (Figure 2.9(b)) by using FE simulation, but no FLD was obtained 
from the experimental tests. Leotoing et al. [66] proposed a new cruciform design for 
formability tests and obtained the FLD of AA5086 at room temperature. Specimens are 
shown in Figure 2.10. The biaxial tester was a servo type with hydraulic pressure to control 
the loading paths in two vertical directions in order to obtain an FLD for linear strain paths 
[64]. Holmberg et al. [67] conducted formability test using a tensile test machine, to 
determine the left-hand side of the FLC for a steel, by using wide sheet specimens to obtain 
plane strain stretching. Naka et al. [68] used biaxial tensile tests and hot air blow heating 
method with cruciform specimens to investigate the effects of strain rate and temperature on 
yield locus of AZ31. However, this type of in-plane test has not been used for formability 
studies at elevated temperatures. 
         
(a) Dimensions of cruciform specimen         (b) Failure on the deformed specimen tested 
Figure 2.10 Formability tests of AA5086 by a servo-hydraulic biaxial testing machine at 
ambient conditions [66] 
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2.2.4 Summary 
It is difficult to perform formability tests under hot stamping conditions using conventional 
out-of-plane and in-plane methods because extra heating and cooling facilities are needed, 
heating rate and cooling rate are hard to control precisely, an isothermal testing condition is 
almost impossible to obtain after the cooling process and the problem of the difficulty of 
strain measurement needs to be solved. In order to evaluate the formability of sheet materials 
at a certain heating rate and cooling rate for hot stamping applications, a new method needs 
to be developed on measuring FLDs of metals under hot stamping conditions. 
2.3 Materials modelling for FLD prediction  
2.3.1 Introduction 
Experimental determination of the FLD of a material is time consuming, high cost and 
normally requires special tooling. Because of that, various analytical and numerical models 
have been developing as an alternative to carry out theoretical formability prediction and 
eliminate the need for much experimental work. Banabic et al. [24] and Stoughton et al. [33] 
reviewed primary models in the field of forming limit prediction at room temperature from 
four aspects, namely new constitutive equations used for limit strain computation, 
polycrystalline models, ductile damage models, advanced numerical models for non-linear 
strain path or various process parameters.  
Figure 2.11 indicates various theoretical models for the prediction of FLDs at room 
temperature and high temperatures. The constitutive behaviour is usually described with 
macroscopic phenomenological material models and also microstructural flow laws. It is 
noticed that most of these models shown in Figure 2.11 are applied to formability prediction 
at ambient conditions. Microstructural evolution is significant at elevated temperature and 
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greatly affects mechanical properties. In the following sections, theoretical models applied to 
FLD prediction at elevated temperature are introduced and discussed. These include Hora’s 
theory, M-K theory and Storen and Rice’s theory. The viscoplastic continuum damage 
mechanics (CDM) based materials model will be introduced and developed for the prediction 
of the FLD of metals under hot stamping conditions.  
 
Figure 2.11 Materials models used in FLD prediction (reproduced from [69]) 
2.3.2 Enhanced modified maximum force criterion based on Swift model  
The first and classic theory on theoretical prediction of the diffuse and localized necking was 
proposed by Hill [47] and Swift [48] in 1952. In both the models, it is assumed that the sheet 
metal is homogeneous. Hill’s model describes localised necking in thin sheets under the plane 
stress state and it predicts localised plastic deformation, which is only valid for negative 
minor in-plane strains. In the Swift model, plastic instability occurs at a maximum 
proportional load and limit strains are determined by diffuse necking for biaxially stretched 
sheets. The diffuse necking is accompanied by contraction strains in both the width and the 
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thickness direction of the metal sheets and the necking develops gradually until a sharp 
localised necking occurs [70]. By introducing the Ludwik-Hollomon strain-hardening law to 
the Swift model, the limit strains can be expressed as follows, 
 𝜀1 =
𝜎1 (
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𝜕𝜎1
)
2
+ 𝜎2 (
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2 𝑛 (2.2) 
where 𝑓 is a yield function, 𝑛  is the hardening coefficient, 𝜀1  is major strain, 𝜀2  is minor 
strain, 𝜎1 is major stress, 𝜎2 is minor stress. 
By combination with a specific yield function under different loading ratios, the FLD of a 
material can be predicted at room temperature by Equation (2.1) and (2.2). This method has 
been improved and developed for the prediction of failure by Hora [71], which is named 
modified maximum force criterion (MMFC): 
 
𝜕𝜎1
𝜕𝜀1
+
𝜕𝜎1
𝜕𝛽
𝜕𝛽
𝜕𝜀1
= 𝜎1 (2.3) 
where 𝛽 is the linear ratio of minor strain 𝜀2 and major strain 𝜀1. 
It was applied to predict FLD of stainless steel at elevated temperatures from 500 to 850°C 
by introducing temperature dependent hardening curves. This improved method is named 
enhanced-MMFC. [72]. The equation of this model is modified and shown as below.  
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where   
 𝑒(𝐸, 𝑡) = 𝐸0
∗ (
𝑡
𝑡0
)
𝑝
 (2.5) 
  𝜎1 = 𝑓(𝜀1, 𝛽, 𝑇) (2.6) 
where 𝐸0
∗  and 𝑡0  are material constants, 𝑡  is thickness,  𝑝  is exponent (influence of the 
thickness), 𝑟 is sheet curvature radius, 𝑇 is the absolute temperature, 𝛽 is the strain ratio of 
minor strain 𝜀2 to major strain 𝜀1. 
In this necking criterion, isotropic hardening is considered and only some commonly used 
plasticity data is involved and the formulation is independent of the yield criterion. However, 
Aretz [73] proved that the MMFC contains an important singularity which emerges when the 
yield locus of a material exhibits straight line segments. It means that the model is robust and 
reliable only when the yield locus of the material is elliptical.  
2.3.3 Yield criteria with Marciniak-Kuczynski (M-K) Model 
The Marciniak–Kuczynski model (known as M-K model) [51] is a classic method used to 
predict sheet metal instability and variants of the M-K theory have been proposed for the 
prediction of plastic failure. Figure 2.12 is a schematic of M-K model. The theory is based on 
the assumption of a pre-existing imperfection 𝑓0 in sheets, which is usually set to 0.8-1.0 [74].  
 𝑓0 = 𝑡0
𝑏 𝑡0
𝑎⁄  (2.7) 
27 
 
where 𝑡0
𝑏 is the thickness of zone b, 𝑡0
𝑎 is the thickness of zone a.  
 
Figure 2.12 Schematic illustration of M–K model 
The zone b is thinner than the zone a. The iterative procedure involves imposing strain 
increments ∆𝜀𝑏1 on the material of zone b and finding the corresponding value of ∆𝜀𝑎1 by the 
conditions of force equilibrium and strain compatibility: 
 𝜎1𝑎𝑡0
𝑎 = 𝜎1𝑏𝑡0
𝑏 (2.8) 
 ∆𝜀𝑏2 = ∆𝜀𝑎2 (2.9) 
where 𝜎1𝑎 and 𝜎1𝑏 are principal stresses in zone a and b, ∆𝜀𝑎2 and ∆𝜀𝑏2 are strain increments 
in the second direction in zone a and b. 
This iteration process is repeated until ∆𝜀𝑎1 ˂0.10∆𝜀𝑏1 or some other criteria of approaching 
plane strain is reached [70].  
Hutchinson and Neale [75] modified the assumption to allow the imperfection lie at an angle 
𝜃, as shown in Figure 2.12, to the minor stress 𝜎1 axis and discussed the strain rate sensitivity 
on the values of imperfection factor. During deformation, strain values in the imperfection 
zone are higher than in the uniform zone. Failure is assumed to take place once the ratio of 
the strain in the imperfection zone to that of the uniform zone exceeds a critical value. The 
imperfection can be caused by various factors such as local grain size variation, texture, alloy 
elements or thickness variation [66]. Therefore, the geometrical imperfection factor of M-K 
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model is difficult to determine. Determination of value of the factor has been attempted by 
obtaining an agreement between numerical and experimental results [39] or by conducting 
microstructural analysis of metal sheets [76, 77]. Calculating an FLD is also sensitive to the 
yield criterion used in the M-K model. Researchers have developed improved models 
incorporating various yield criteria, polycrystalline plasticity models or ductile damage 
models based on the M-K principles [78]. Those models have been used for computation of 
limit strains for various metals during past decades.  
 
Figure 2.13 FLD for AA5182-O based on the M–K model, Barlat’s YLD2000-2d anisotropic 
yield function and Voce hardening law at several elevated temperatures [76] 
Forming temperature as a parameter has been taken into account based on the M-K model. 
Bafheriasl et al. [79] employed the M-K model, the Barlat’s YLD2000 anisotropic yield 
criterion and the temperature dependent Bergstrom hardening law to investigate the effect of 
temperature on the formability of AA3000-series alloys. Abedrabbo et al. [80, 81] introduced 
a modified power law flow rule which includes temperature effects and assumed isotropic 
hardening behaviour in the material. Combining YLD96 [82], YLD200-2d anisotropic yield 
functions with the M-K model, FLDs of AA3003, AA5182 and AA5754 can be predicted 
29 
 
[76]. Figure 2.13 is the calculated results of FLD of AA5182 by Abedrabbo’s improved M-K 
model. This temperature and strain rate dependent anisotropic material model can be used to 
predict FLD and also FLSD of an alloy within a temperature range of 25-260°C. The M-K 
model is extensively used for highly ductile materials such as mild steels and 5000 and 6000 
series aluminium alloys because for such ductile materials, failure is typically related to sheet 
metal instability [83]. 
2.3.4 New model based on Storen and Rice’s Vertex theory 
Storen and Rice [84] used a bifurcation analysis to describe the behaviour of the FLC which 
arises from a vertex on the yield surface, by imposing force equilibrium between the necked 
and non-necked region of the metal. At the vertex, the direction of plastic flow is uncertain 
which causes localised necking band on the sheet metal. The stress rate and strain rate are not 
continuous between inside and outside neck bands. Analytical solutions of limit strains were 
obtained in two particular cases to predict localised necking in thin sheets. The theoretical 
deduced process can be found from [49].   
when 𝜀2 ≥ 0,  
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∙
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1
2
(1 − 𝑛) + √[
(1 + 𝑛)2
4 −
𝛽𝑛
(1 + 𝛽)2
]
 
(2.10) 
when 𝜀2 ≤ 0,  
 𝜀1 =
3𝛽2 + 𝑛(2 + 𝛽)2
2(2 + 𝛽)(1 + 𝛽 + 𝛽2)
 (2.11) 
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where 𝜀1 is principal major strain at which localised necking starts, 𝜀2 is minor strain, 𝛽 is the 
ratio of minor strain 𝜀2 to major strain 𝜀1, 𝑛 is the strain hardening exponent. 
Min et al. [74] proposed a model for the prediction of forming limits of steel 22MnB5 at 
elevated temperatures based on Storen and Rice’s Vertex theory and Logon-Hosford yield 
criterion. They showed that the calculated FLD based on the Vertex theory and four-order 
Logon-Hosford yield criterion has good agreement with the measured FLD obtained from 
experiments at 800°C using the out-of-plane formability test. The improved equation is as 
below. 
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(2.12) 
where 𝛼 is the stress ratio of minor stress to major stress, 𝑚, 𝑛 and 𝑟 are material constants, 
𝑁 and 𝑀 are functions of temperature (𝑇), 𝑃, 𝑄 are functions of  𝛽: 
𝑁 = 𝑎 + 𝑏𝑇 (2.13) 
𝑀 = 𝑐 + 𝑑𝑇 (2.14) 
where 𝑎, 𝑏, 𝑐, 𝑑 are material constants, 𝑇 is the absolute temperature. 
 𝑄 =
√3√1 + 𝛽 + 𝛽2
2 + 𝛽
 (2.15) 
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 𝑃 =
(1 + 𝑟)
𝑟(1 − 𝛼)𝑚−1 + 1
𝑄 (2.16) 
Although the e-MMFC model, the M-K model and the vertex theory can be used to predict 
the onset of necking of metallic materials at elevated temperatures, all of them are 
macroscopically based and do not incorporate microstructure evolution.      
2.4 Viscoplastic continuum damage mechanics (CDM) model 
2.4.1 Introduction 
Time-independent plasticity theory can be used to characterise the behaviour of metals when 
a forming process is conducted at room temperature which is normally less than 0.3𝑇𝑚, where 
𝑇𝑚 the melting temperature of a material [85]. Viscoplasticity theory is normally used for 
forming processes at elevated temperatures greater than 0.5𝑇𝑚 and viscoplastic constitutive 
equations have been developed by researchers to model a wide range of time-dependent 
phenomena, such as recrystallization, strain rate effect, recovery, etc. A dislocation-based 
viscoplastic-damage model proposed by Lin et al. [86] is introduced in this section.   
2.4.2 Flow rule 
A flow rule represents the flow stress response to the extent and rate of plastic straining in 
viscoplasticity theory, incorporating factors such as initial yield and work hardening due to 
the interaction of dislocations. To model a hot deformation process, strain rate should be 
introduced into the power-law equation, such as [87]: 
 𝜎 = 𝐾𝜀𝑃
𝑛𝜀?̇?
𝑚 (2.17) 
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where 𝜀𝑃 and 𝜀?̇? are plastic strain and plastic strain rate, respectively. Strength coefficient 𝐾 
and the strain rate hardening exponent 𝑚 are temperature dependent material parameters. The 
strain hardening exponent 𝑛 can be assumed to be zero to simplify the equation [85].    
In order to model plastic yield and strain hardening, the flow stress can be expressed as a sum 
of initial yield stress 𝑘, strain hardening 𝑅 and viscous stress 𝜎𝑣 representing the viscoplastic 
effects [87], i.e. 𝜎 = 𝑘 + 𝑅 + 𝜎𝑣, as shown in Figure 2.14.  
 
Figure 2.14 Flow stress-strain response of viscoplastic solids 
Then 𝜎𝑣  can be defined as, (𝜎 − 𝑅 − 𝑘)+, where the brackets indicated that only positive 
results are valid [88]. Thus the flow rule can be replaced by a new expression [89]: 
 𝜀?̇? = 𝜀0̇ (
𝜎 − 𝑅 − 𝑘
𝐾
)
+
𝑛1
 (2.18) 
where the value of 𝜀0̇ is 1.0 under tension condition and -1.0 under compression condition, 𝑛1 
is a viscous exponent, which is temperature dependent. Arrhenius-type functions can be used 
to represent the temperature dependent parameters:  
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 𝐾 = 𝐾0exp (
𝑄𝐾
𝑅𝑔𝑇
) (2.19) 
 𝑘 = 𝑘0exp (
𝑄𝑘
𝑅𝑔𝑇
) (2.20) 
 𝑛1 = 𝑛10exp (
𝑄𝑛1
𝑅𝑔𝑇
) (2.21) 
where 𝐾0, 𝑘0 and 𝑛10  are material constants, 𝑄𝐾 , 𝑄𝑘 and 𝑄𝑛1 are activation energy, 𝑅𝑔 is the 
universal gas constant and 𝑇 is the absolute temperature.  
2.4.3 Isotropic work hardening 
The accumulation of dislocations due to plastic deformation causes work hardening of a 
metal. As dislocation density is directly related to hardening [90], Lin et al. [91] proposed and 
developed an equation to describe isotropic work hardening as a function of normalised 
dislocation density ?̅? (?̅? = 1 − 𝜌0 𝜌⁄ , where 𝜌0 is the initial dislocation density and 𝜌 is the 
instantaneous dislocation density during deforamtion): 
 𝑅 = 𝐵?̅?𝑛𝑅 (2.22) 
where 𝑛𝑅 is the hardening exponent and 𝐵 is a temperature dependent parameter: 
 𝐵 = 𝐵0exp (
𝑄𝐵
𝑅𝑔𝑇
) (2.23) 
where 𝐵0  is a material constant and 𝑄𝐵  is activation energy associated with hardening 
mechanism. 
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The mean slip distance of a dislocation 𝐿 decreases with increasing dislocation density. It is 
the average distance over which mobile dislocations migrate before being stored [92]. The 
slip length 𝐿  is scaled with the inverse square root of the stored dislocation density, i.e. 
𝐿 ∝  𝜌−0.5 and the work hardening is inversely proportional to the slip length 𝐿, i.e. 𝑅 ∝
 𝐿−1. Therefore, the constant 𝑛𝑅 is suggested to be 0.5. Then the evolutionary form of the 
isotropic work hardening law is expressed as: 
 ?̇? = 0.5𝐵?̅?−0.5?̇̅? (2.24) 
This physically based strain hardening law enables material behaviour to be captured at 
microscopic level. Annealing or recrystallization may occur during high temperature forming 
conditions, which will reduce dislocation density and thus reduce isotropic hardening or even 
lead to negative hardening. In this case, the hardening law can account for material softening.    
2.4.4 Evolution of dislocation density 
The value of the defined normalised dislocation density varies from 0 (the initial state) to 1.0 
(the saturated state of a dislocation network after severe plastic deformation). Based on this 
concept, a constitutive equation for the describing the evolution of dislocation density has 
been proposed and formed as [91]: 
 ?̇̅? = 𝐴(1 − ?̅?)|𝜀?̇?| − 𝐶?̅?
𝑛2 (2.25) 
where 𝐴 and 𝑛2 are material constants, 𝐶 is a temperature dependent parameter. The first term 
in the equation represents development of dislocation density due to plastic strain and 
dynamic recovery. Dynamic recovery results from continuous reorganisation of dislocations 
during deformation, in terms of dislocation cross-slip at low temperature and dislocation 
climb at high temperature [93]. The second term in the equation represents the effect of static 
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recovery on the evolution of dislocation density. Static recovery is a time dependent process 
in which annealing can effectively remove dislocations from the matrix at elevated 
temperature [94]. In order to introduce the effect of temperature for hot working conditions, 
the parameter 𝐶 is presented as: 
 𝐶 = 𝐶0exp (−
𝑄𝐶
𝑅𝑔𝑇
) (2.26) 
where 𝐶0 is a material constant and 𝑄𝐶 is the activation energy associated with static recovery 
mechanism. So the decrease in hardening caused by dislocation recovery mechanisms is 
represented at the macroscopic level. 
2.4.5 Evolution of damage  
Continuum damage mechanics is associated with the modelling of degradation or 
deterioration of materials under thermo-mechanical deformation or ageing processes. The 
concept of a state variable of damage was introduced in 1969 by Rice and Tracey [95] for the 
investigation of material failure in cold forming. Gelin [96] modelled isotropic and 
anisotropic ductile damage in metal forming processes by a predictive technique. Lin et al. 
[97] proposed and developed the phenomenon-based damage constitutive equations to model 
damage evolution in various metal forming processes, such as hot metal forming, superplastic 
forming and hot rolling. Micro cracks or voids generate and grow in the microstructure when 
metallic materials undergo continuous plastic deformation, which would lead to material 
failure at a macroscopic level. Failure can be introduced into predictive models by embedding 
damage evolution equations in elasto-viscoplastic constitutive equations. 
The development of microdamage under various deformation conditions has been reviewed 
and discussed by Lin et al. [97]. Damage model mechanisms contain void nucleation, growth 
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and coalescence in cold metal forming and continuum cavity growth and ductile void 
growth/microwedge cracking at grain boundaries for hot stamping conditions. A ductile 
damage model proposed and applied for both cold forming and hot stamping conditions is 
given as: 
 ?̇? =
𝜎𝑒
𝜆𝜂1
(1 − 𝜔)𝜂3
(𝜀?̇?)
𝜂2 (2.27) 
where ?̇? is defined as damage evolution rate, which is a function of plastic strain rate 𝜀?̇?, 
flow stress level 𝜎𝑒  and current damage value 𝜔 . The value of 𝜔  is in the range of 0 
(undamaged) to 1.0 (completely failed). The value of the material constant 𝜆 is given as zero 
when the strain-rate-induced flow stress variation does not influence damage evolution [98]. 
𝜂1, 𝜂2 and 𝜂3 are given in terms of the Arrhenius-law equation for hot working conditions: 
 𝜂1 = 𝜂10exp (
𝑄𝜂1
𝑅𝑔𝑇
) (2.28) 
 𝜂2 = 𝜂20exp (
𝑄𝜂2
𝑅𝑔𝑇
) (2.29) 
 𝜂3 = 𝜂30exp (
𝑄𝜂3
𝑅𝑔𝑇
) (2.30) 
where 𝜂10 , 𝜂20 and 𝜂30  are material constants, 𝑄𝜂1 , 𝑄𝜂2 and 𝑄𝜂3  are activation energy 
associated with damage mechanisms. 
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2.4.6 Modified flow rule and Hooke’s law 
The metal is considered to be subjected to an increased stress over the undamaged area 1 − 𝜔, 
which creates an effective stress of 𝜎 (1 − 𝜔)⁄  for further plastic deformation and damage 
evolution [85]. Thus, the flow rule is modified as: 
 𝜀?̇? = 𝜀0̇ (
|
𝜎
1 − 𝜔| − 𝑅 − 𝑘
𝐾
)
+
𝑛1
 (2.31) 
According to Hooke’s law, flow stress can be expressed as: 
 𝜎 = 𝐸(𝜀𝑇 − 𝜀𝑃) (2.32) 
where 𝐸 is Young’s modulus of elasticity, 𝜀𝑇 is total strain, 𝜀𝑃 is plastic strain. By taking the 
damage softening effect into account, the Hooke’s law can be modified as: 
 𝜎 = 𝐸(1 − 𝜔)(𝜀𝑇 − 𝜀𝑃) (2.33) 
where 𝐸 is temperature dependent parameter: 
 𝐸 = 𝐸0exp (
𝑄𝐸
𝑅𝑔𝑇
) (2.34) 
where 𝐸0 is a material constant, 𝑄𝐸 is the activation energy.  
2.5 Summary 
The commonly used experimental techniques for determining FLDs of metal sheets at 
elevated temperature are reviewed. It is found that in-plane formability test using a tensile 
testing machine is a feasible method to obtain the FLDs for hot stamping conditions when a 
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cooling process is involved in the testing. However, there has been no application of this 
technique yet to the evaluation of formability at elevated temperature. Classic theories have 
been proposed and developed for the prediction of forming limits of sheet metal but only a 
few applications to high temperature conditions can be found and these have complicated 
formulations. The viscoplastic CDM based model is suitable for further development for 
describing formability under hot stamping conditions.   
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CHAPTER 3 EXPERIMENTAL PROGRAMME 
3.1 Introduction to experimental techniques 
3.1.1 Uniaxial tensile testing for hot stamping applications 
It is noted that conventional hot uniaxial testing which is operated in an oven or furnace is 
impractical for characterising alloy properties subjected to HFQ conditions. A new testing 
method is proposed in this chapter to obtain thermo-mechanical properties of alloys, which 
can be applied to the situation when a large temperature gradient exists in a specimen. A 
sheet metal tensile specimen was designed and used for obtaining mechanical properties 
applicable to press hardening operations. An effective gauge length was defined, in which the 
temperature distribution and the deformation can be considered as uniform. The uniaxial 
tensile tests on AA6082 were conducted at various temperatures and strain rates after heat 
treatment which simulates the real HFQ conditions. 
3.1.2 Biaxial tensile testing for hot stamping applications 
In this chapter, a novel biaxial testing system is described first to obtain FLDs of alloys for 
hot stamping applications in this study. It was designed to be employed for conducting 
formability tests at elevated temperatures related to hot stamping of boron steel, aluminium 
alloy, or other sheet metals. A novel biaxial testing apparatus has been invented and patented 
for using on the Gleeble commercial thermo-mechanical testing machine to enable biaxial 
tensile testing. Testing parameters, such as heating rate, cooling rate, deformation 
temperature and strain rate, can be controlled precisely to reduce measurement errors of FLD 
results. Different proportional strain paths can be achieved by this new apparatus and friction 
effects on FLD can be avoided. One type of cruciform specimen was proposed for the biaxial 
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testing. The formability tests were conducted at various temperatures and strain rates after 
heat treatment. 
3.2 Test materials and facilities 
3.2.1 Test materials 
The novel biaxial testing system can be used to determine FLDs of a wide range of sheet 
metals including aluminium alloys, magnesium alloys, boron steels, etc. with the same 
apparatus and configuration. Heat-treatable aluminium alloys were chosen to investigate in 
this work. 6000 series heat-treatable aluminium alloys have good weldability, corrosion 
resistance and formability, which are widely used as medium-strength structural alloys [99]. 
Aluminium alloy 6082-T6 was used as the sample material from which the specimens were 
machined. AA6082 is a precipitation-hardenable medium-strength alloy, and it uses an 
amount of silicon to increase age hardening response and an addition of manganese to control 
grain size [100]. It is extensively used in the automotive industries because of high strength-
to-weight ratio, good corrosion resistance, etc.  
In this study, commercial AA6082-T6 materials were used for the uniaxial and biaxial testing. 
Specimens were machined from two different batches of as-delivered materials, namely 
Batch A (2 mm thick sheet) supplied by Alcoa Europe and Batch B (1.5 mm thick sheet) 
supplied by AMAG Rolling. Uniaxial tensile tests were performed on both batches of 
materials under the same test conditions. The tensile test results using Batch A material were 
used for the error analysis of a new strain measurement method proposed for hot stamping 
applications. Specimens machined from Batch B are used for formability study, including the 
uniaxial and biaxial testing, in order to keep consistent of the materials used. The chemical 
compositions of Batch A and B of AA6082 are listed in Table 3.1 and Table 3.2, respectively.  
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Table 3.1 Chemical composition of AA6082 (Batch A) 
Element Si Fe Cu Mn Mg Cr Zn Ti Al 
Weight 
proportion (%) 
0.87 0.33 0.026 0.51 0.97 0.044 0.025 0.016 Balance 
 
Table 3.2 Chemical composition of AA6082 (Batch B) 
Element Si Fe Cu Mn Mg Cr Zn Ti Al 
Weight 
proportion (%) 
0.90 0.38 0.08 0.42 0.70 0.02 0.05 0.03 Balance 
 
3.2.2 Gleeble materials simulator 
All experimental work was conducted by using a Gleeble 3800 materials thermo-mechanical 
simulator, which is a fully integrated digital closed loop control thermo-mechanical testing 
system, as shown in Figure 3.1. It consists of a thermal system, a mechanical system and a 
digital control system. The direct resistance heating system of the Gleeble 3800 can heat 
specimens at rates of up to 10,000 °C/s accurately by the digital control system and can hold 
steady-state equilibrium temperatures. The mechanical hydraulic servo system has a 
capability of 20 tons of static force in compression or 10 tons in tension and the maximum 
stroke rate of 2 m/s. An additional high flow quench system can be used to conduct cooling 
on a specimen with a maximum cooling rate of 10,000 °C/s, which depends on the size and 
the material of specimens. The size of the entire test chamber is around 550 mm × 400 mm × 
320 mm. There are two jaws in the test chamber for clamping specimens, which are fix jaw 
and movable jaw, marked in Figure 3.1. The maximum distance between the fix jaw and the 
movable jaw is 130 mm. 
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Figure 3.1 Gleeble 3800 thermo-mechanical materials simulator and set-up of a common 
uniaxial tensile test 
3.2.3 Digital image correlation (DIC) system 
Regarding the strain measurement method, C-gauge, as shown in Figure 3.1, (lateral 
extension gauge [101]) is commonly used for the lateral strain measurements in a Gleeble 
when specimens are mounted between grips in the chamber to be heated and stretched. It 
should be placed at the point at which necking and fracture exactly occurs; otherwise it would 
not give accurate results of lateral deformation. Also, lateral deformation is converted to 
longitudinal deformation by assuming pure uniaxial deformation condition and this would 
result in large errors in calculating the axial strain after localised necking occurs.  
Using DIC is a better method for strain measurement and it has been widespread used and 
accepted in the field of experimental mechanics. DIC was proposed in 1980s and this 
technique enables full-field strains to be measured by comparing the digital images of a 
stochastic pattern sprayed on a specimen at different deformation stages. One camera was 
employed for capturing the images and measuring in-plane deformation since sheet specimen 
is two-dimensional. ARAMIS, a non-contact optical 3D deformation measuring system, was 
used to record the deformation history during the stretching of specimen and to process strain 
Control console 
Test chamber 
   C-gauge 
Grips 
Movable jaw Fix jaw 
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measurements. High speed camera can be used when tensile tests are conducted at high strain 
rates. For tests on Gleeble for hot stamping applications, researchers, for instance, Merklerin 
and Lechler [102] investigated the flow behaviour of boron steel by using the DIC system. 
For uniaxial and biaxial tensile tests in this work, the DIC system with a PHOTRON UX50 
digital high speed camera was employed. The camera was capable of 2000 fps for full 
resolution of 1280×1024 pixels and up to 160,000 fps maximum by reducing resolution to 
1280×8 pixels. 
3.3 Thermo-mechanical properties under hot stamping 
conditions 
3.3.1 Specimen design 
According to the ASTM and ISO standards of tensile testing, the ratio of gauge length l to 
width w for the dog-bone specimen should be above 4-6 for testing at an isothermal condition. 
Strain measured within the gauge section is the average value over the gauge length and the 
measured stress-strain relationships, particularly the strain properties, are heavily affected by 
the specimen gauge length defined. 
Several different specimen designs and heating methods for testing on a Gleeble have been 
proposed for obtaining uniform deformation within gauge section. Lee et al. [103] adopted a 
notched tensile test specimen of boron steel. Abspoel et al. [104] proposed a complicated 
specimen with four branches connected by cables. Lindeman [105] invented a technique for 
imparting direct resistance heating to a gauge length of a conductive metallic specimen by 
using a pair of special conductive collars. All these techniques increase the complexity of 
tests. In practice, traditional dog-bone specimens are still used by most researchers to 
determine the mechanical properties. A short parallel gauge length is usually designed for 
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testing under hot stamping conditions on a Gleeble to achieve high heating and cooling rates 
[29, 106-108].  On the other hand, a large parallel length could be used to minimise the 
temperature gradient in the gauge region and improve uniformity of temperature distribution 
because, the cold grips being further away, the effect of heat loss would be reduced. Besides, 
a large gauge length can reduce the effect of localised necking on the measurement of 
average true strain.  
A sufficient ratio of 10 between gauge length 𝑙 and width 𝑤 was assumed and defined for the 
specific uniaxial tensile test. The width 𝑤 and the nominal length 𝑙 of the parallel section are 
8 mm and 80 mm, respectively. The parallel length of 80 mm was considered to be sufficient 
for this application by taking into account the width of a specimen and the stroke limit of 
Gleeble. The design of the flat dog-bone type specimen is shown in Figure 3.2. The 
thicknesses of the specimen are 2.0 mm (Batch A) and 1.5 mm (Batch B) and the rolling 
direction is parallel to the gauge section. K-type thermocouples were welded on the mid-
width line of the specimen along the gauge section in order to control and monitor the 
temperature during the tests on a Gleeble. The effective gauge length was defined after the 
investigation of temperature distribution on specimen. 
 
Figure 3.2 The specimen geometry (dimensions in mm) on the specimen and the schematic 
presentation of the effective gauge length 
Effective gauge length  
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3.3.2 Test grips design 
The material, size and features of grips have effects on the temperature distribution of a 
specimen clamped. It is critical to choose a size which does not exceed the heating capacity 
of the machine and avoid overloading the Gleeble mechanical system. Generally, copper 
grips have a higher thermal conductivity than stainless steel ones but with a lower stiffness. 
For uniaxial tensile testing using a flat dog-bone specimen, flat grips with a dowel pin to hold 
the specimen are usually used. However, the surface of a flat dog-bone specimen faces to the 
top of Gleeble test chamber by using Gleeble standard grips so that the camera of the DIC 
system cannot capture the image of specimen surface. Purpose-built grips should be designed 
to meet the testing specifications. 
                      
(a) Designed grips   (b) Grips with a clamped specimen 
Figure 3.3 Purpose-built grips configured with the measurement of strain by the DIC system 
A set of grips were designed to clamp specimens and make the specimen surface parallel to 
the high-speed camera, as shown in Figure 3.3(a). The grips are made of stainless steel to 
reduce the heat transfer from specimen to grips within clamping region. Large grooves and 
textured surface are machined within the contact region with the specimen on the grips in 
order to decrease the contact area and thus reduce the heat loss from the clamped regions of 
the specimen during the testing. Two screw bolts and one pin for each pair of grip were used 
to fix the specimen and the specimen dimensions of the enlarged ends were compatible to 
Grooves 
Pins 
Bolts 
Face to camera 
Texture 
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that of the grips. Figure 3.3 illustrates the final assemably of grips and a specimen. The 
specimen was painted with black ink as background and covered by an irregular white dot 
pattern using spray painting in order to create a speckle-like pattern for DIC analysis. 
3.3.3 Temperature profile control and temperature gradients study 
Figure 3.4 shows the specified temperature profile for the tensile testing of AA6082 under 
HFQ conditions. It comprises continuous heating, isothermal soaking, quenching, and 
deforming at elevated temperatures. The material was heated to the solution heat treatment 
temperature, 535°C [109], with a heating rate of 50 °C/s and subsequently soaked for 5 
minutes, which is sufficient and conservative, to obtain a supersaturated solid solution. The 
material was then cooled to a designated temperature ranging 400-500°C (mid-length 
temperature) at a cooling rate of 100 °C/s and stretched at a constant effective strain rate of 
0.1-4 /s.  
 
Figure 3.4 Schematics of the temperature profile for AA6082 uniaxial tensile tests under 
HFQ conditions 
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Due to the resistance heating conditions on a Gleeble, the temperature is not uniformly 
distributed along the gauge length. In order to investigate the temperature gradient within the 
parallel length section, temperatures at six locations, marked with T1 (mid-length), T2 (5 mm 
from mid-length), T3 (7 mm from mid-length), T4 (10 mm from mid-length), T5 (15 mm 
from mid-length) and T6 (30 mm from mid-length), were measured with thermocouples 
welded on the specimen surface along the longitudinal direction, as shown in Figure 3.5. T1 
was used to control the specimen heating and cooling processes according to the designed 
temperature profile. Only one point (T1) can be controlled precisely during the tests due to 
the resistance heating system adopted. The effective gauge length was assumed and defined 
by considering the temperature drop of less than 10°C from the mid-length along the parallel 
length on a specimen, and the relationship of deformation time and tensile displacement 
could be defined before testing according to the assumption. 
 
Figure 3.5 Thermocouple locations on a specimen (marked with T1, T2, T3, T4, T5, and T6) 
3.3.4 Set-up and procedure of uniaxial tensile testing 
The set-up of the uniaxial tensile test on a Gleeble is shown in Figure 3.6. The wide surface 
of the specimen was turned to face the camera inside the Gleeble by clamping with one pair 
of purpose-built grips, which enables the camera lens to be parallel to the camera. Two flat-
head nozzles connected to the air cooling system were adopted to perform air cooling to the 
T1 T2 T3 T4 T5 T6
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front and the back sides of the specimen. The entire specimen could be cooled by using this 
type of nozzles during a cooling process and control temperature T1 is monitored to follow 
the programed temperature profile. The high speed camera PHOTRON UX50 of the DIC 
system was connected to a computer and the frame rates of the camera were adjusted to 50 
fps, 500 fps and 1000 fps for the tests at the strain rate of 0.1 /s, 1 /s and 4 /s, respectively. 
Resolutions of all images are 1280×1024 pixels. An additional spot light with a power of 300 
W was used for tests at different strain rates. Specimens with a stochastic spraying pattern 
were prepared prior to tests by using FlameProof spray withstanding temperatures up to 
1093°C.  
 
Figure 3.6 Test set-up on a Gleeble 
The test matrix during deformation after solution heat treatment, soaking and cooling is 
shown in Table 3.3. At least three tests were completed for each test condition to prove the 
repeatability. Images were imported into ARAMIS for data post processing. Experimental 
results of flow stress-strain curves are shown in Section 5.2.2. 
High-speed camera
Nozzles for air 
cooling
Specimen faces to 
the camera
Control console
Test chamber
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Table 3.3 Test matrix of uniaxial tensile testing under HFQ conditions 
                 Deformation temperature (°C) 
  400 450 500 
Strain rate (/s) 
0.1  √  
1 √ √ √ 
4  √  
3.4 Development of a novel biaxial testing system 
3.4.1 Feasibility studies for testing strategies 
In order to determine FLDs of alloys subjected to complex forming conditions, such as hot 
forming and cold die quenching process, a fully integrated closed loop control thermo-
mechanical testing system for determining forming limits should contain a thermal system, a 
cooling system, an automatic feedback control system, a biaxial mechanism, a strain rate 
control system and a strain and loading measurement system. A flow chart of the entire 
testing system is shown in Figure 3.7. Different heating and cooling methods which can be 
chosen are listed in the figure.  
A thermal system can be used to heat up specimens and a uniform temperature distribution 
over the entire gauge section region of a specimen should be obtained. Resistance heating, in 
which an electric current is applied to the specimen through two electrodes, is a rapid heating 
method with good controllability. Induction heating, in which an electromagnetic field is used 
to heat the specimen through eddy currents generated in the specimen, is a good contactless 
heating method between electromagnet and specimen. Thermal conduction heating by a 
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furnace or high-power lights can also be used to heat up the specimen, but the heating 
efficiency is quite low.  
 
Figure 3.7 System configuration of the planar thermo-mechanical testing system 
Cooling rate must be controlled precisely by a cooling system since it is a critical condition 
for hot stamping process. In convection cooling, the specimen is exposed to a controlled 
stream of air, gaseous coolant, water or mist spray. This method is simple to realise but the 
stream flow rate is hard to control. In conduction cooling, the specimen has to be in direct 
contact with a thermal conductive material, which is probably not convenient for strain 
measurement.  
An automatic feedback control system is needed to control the temperature profile during 
testing. Thermocouples or an infrared pyrometer can be used for temperature measurement. 
The temperature sensing results can be adjusted in accordance with the programmed 
temperature automatically. This system should allow users to define and achieve a complex 
temperature profile in order to determine FLD under complex forming conditions. 
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Conventional out-of-plane and in-plane standard methods can be adopted to be the 
mechanical biaxial testing system. However, measurements of strain and temperature and 
control of cooling process become very difficult because of the direct contact of a punch and 
a specimen. Commercial stand-alone biaxial testing machines enable strain paths to be 
controlled by two or four actuators, as shown in Figure 3.8. In order to obtain a symmetric 
strain distribution within central region of a cruciform specimen, the displacement S1 should 
be equal and collinear to the displacement S1
*
 and the perpendicular displacement S2 should be 
equal and collinear to the displacement S2
*
. The biaxial loaded region on a specimen should 
remain still to avoid bending moments, which could cause a non-symmetric strain 
distribution [110]. Biaxial testing machines with four servo-hydraulic actuators are 
recommended to use for the testing. In contrast, using link mechanism, such as rack and gear 
mechanism [111], mounted on conventional uniaxial testing machines is an economic 
approach to convert a uniaxial force to a biaxial one.    
          
(a)                                              (b) 
Figure 3.8 Cruciform specimen with (a) four actuators and (b) two actuators 
S1
S2
S1
S2
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Conventional contact strain measurement is not applicable for high speed tensile testing due 
to inertia effects and low response characteristics [112]. DIC can be used to record the time-
dependent full strain fields on a specimen during deformation. If link mechanism attachments 
are used for in-plane biaxial tensile tests, force sensors need to be mounted into the 
mechanism to record loading information. Constant effective strain rate needs to be obtained 
since an FLD is highly dependent on strain rate of deformation at elevated temperatures.  
Taking all above aspects into consideration, a Gleeble was used to control heating rate and 
obtain an isothermal testing condition after cooling on the gauge section of a cruciform 
specimen. Air jet cooling by a high flow quench system with air pressure up to 120 psi was 
used to control cooling rate. Since only uniaxial tension/compression can be obtained on a 
standard Gleeble, an ad-hoc novel apparatus was designed and mounted into the Gleeble 
chamber to convert uniaxial tension to biaxial tension of different loading ratios, so that 
different strain paths could be realised. A high speed camera with the DIC system was used 
to capture the speckle pattern pre-painted on the surface of the concerned central area of the 
specimen. The control of effective strain rate is dependent on the geometry of the biaxial 
mechanism and it is shown in Appendix. Overall, it is a feasible approach to conduct 
formability tests under hot stamping conditions. 
3.4.2 Concept and configuration of a novel biaxial testing system 
The core part of the novel biaxial testing system is the novel biaxial testing mechanism, 
which was designed from scratch based on application on Gleeble 3800. It can convert an 
input uniaxial or rotational force into an output multi-axial force, as shown in Figure 3.9. The 
apparatus [113] comprises a 1-output rotatable member, a plurality of 2-rigid connection 
means, a plurality of 3-carriages with 4,5-specimen holders, a 6-drive shaft, a plurality of 7-
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guide rails with 8-stops and a 10-input rotatable member. 9-force sensors can be embedded 
into one of the plurality of 4-specimen holders. 
                        
(a) Top view of the apparatus 
 
(b) Side view of the apparatus along the section A-A 
Figure 3.9 Schematics of the novel biaxial testing mechanism 
(1- Output rotatable member, 2- Rigid connection means, 3- Carriages, 4- Specimen holders 
with 9- Force sensors, 5- Specimen holders, 6- Drive shaft, 7- Guide rails, 8- Stops, 10- Input 
rotatable member)  
Axis of rotation 
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The 10-input rotatable member is coupled directly to a movable jaw of a Gleeble, which 
provides the uniaxial tensile force, and it is also coupled to the 6-drive shaft, which is in turn 
coupled to the 10-input rotatable member. The rotation of the 10-input rotatable member 
around the axis of rotation rotates the 6-drive shaft, thereby in turn rotating the 1-output 
rotatable member to which it is coupled around the axis of rotation. Each of the plurality of 2-
rigid connection means is pivotably coupled at the first end to one of the connection points on 
1-output rotatable member and at the second end to one of the 3-carriages. It can drive the 3-
carriages with 4,5-specimen holders to slide back and forth along the 7-guide rails with low 
friction so that tension in each direction can be applied to cruciform specimen since clamping 
regions of a specimen are fixed on 4,5-specimen holders by screw bolts and pins. 
In order to achieve uniaxial strain path, two opposing 3-carriages are disconnected from the 
1-output rotatable member and the flat dog-bone specimen is held only by the other two 
opposing 3-carriages which are each connected to the 1-output rotatable member by a 2-rigid 
connection means. Plane strain path can be achieved by fixing the two disconnected 3-
carriages at original positions before deformation of a specimen so that thinning of the 
specimen in this direction is prevented by the opposing pair of fixed 3-carriages. Two pairs of 
3-connection means with same or different lengths and orientations can be used to achieve 
other intermediate strain paths between uniaxial and plane strain or between plane strain to an 
equi-biaxial strain path. Figure 3.10 indicates that linear strain ratios of minor strain to major 
strain from -0.5 (uniaxial) to 1.0 (equi-biaxial), calculated according to the displacement 
measurement in each direction at ambient condition, for each strain path can be realised by 
the invented apparatus. Equations for displacement calculation in each direction are shown in 
Appendix. For the uniaxial to plane strain condition, strain ratio is not constant because two 
pairs of connection means with different lengths are used for calculation, which affects the 
accuracy of constant strain ratio.  
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Figure 3.10 Strain ratios for each strain path realised by the apparatus 
3.4.3 Detailed design of the novel biaxial testing apparatus 
The novel biaxial testing apparatus is presented in Figure 3.11 [114], machined from the 
material of tool steel H13. Since the space inside the Gleeble chamber is limited, the 
dimension of the apparatus was designed to 250 mm × 250 mm × 90 mm with a load 
capacity of 40 KN. The load capacity of the apparatus is dependent on the strength of the key 
components in the apparatus. The weight of the entire apparatus is around 19 kg. When the 
apparatus is mounted into the chamber of a Gleeble, a supporter is attached to the 13-base 
plate though 19-screw holes and it sits onto the fix jaw of the Gleeble. A plurality of 18-
screw holes distributes on the top side and the bottom side of the 13-base plate in order to fix 
the 13-base plate tightly against to the top and the bottom of the Gleeble chamber by 
tightening screw bolts coupled to 18-screw holes.  
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(a) The front view of the novel apparatus 
 
(b) The back view of the novel apparatus 
Figure 3.11 Schematic diagram of the novel biaxial testing apparatus 
(1- Output rotatable member, 2- Rigid connection means, 3- Carriages, 4- Specimen holders 
with 9- Force sensors, 5- Specimen holders, 6- Drive shaft, 7- Guide rails, 8- Stops, 10- Input 
rotatable member, 11-Connection points, 12- Top plates, 13- Base plate, 14- Linear plain 
bearings, 15- Cruciform specimen, 16- Rigid drive member, 17- Clamp, 18- Screw holes, 19- 
Screw bolts for attached supporters, 20- Screw holes for fixing carriages) 
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The 6-input rotatable member is a disc shape with 11-connection points distributed on the 
surface of the disc every 45° with a radius of 28.5 mm. The first end of the 16-rigid drive 
member is pivotably coupled to the 10-input rotatable member and the second end of the 16-
rigid drive member is coupled directly to the movable jaw of a Gleeble. The 1-output 
rotatable member is also a disc shape with a plurality of 11-connection points, which 
distributed on the surface of the disc every 45° with a radius of 20 mm and every 30° with 
radii of 30 mm and 40 mm. Each of four 3-carriages is arranged along an axis and mounted 
on two 7-guide rails. The axes of each of 7-guide rails along which each of 3-carriages lies 
are orthogonal to one another. Two stainless steel 14-linear plain bearings supplied by 
DryLin are embedded in 3-carriages such that 3-carriages can slide back and forth along the 
rails with very low friction. Two FUTEK miniature 9-load cells with a compression capacity 
of 20 KN were embedded and insulated to two adjacent 4-specimen holders, which sit onto 3-
carriages. The other two 5-specimen holders are fixed to 3-carriages by screw bolts. The 15-
cruciform specimen is clamped by stainless steel 12-top plate and 4,5-specimen holders using 
one pin and five screw bolts. Welding cables with uninsulated tin plated crimp ring terminals 
are connected to the 12-top plates with the Gleeble power supplier so that resistance heating 
can be applied to the specimen.  
Figure 3.12 illustrates the new position of each component of the apparatus after the 1-output 
rotatable member has rotated approximately 15° around the axis of rotation from the original 
position as shown in Figure 3.11(a). The centre point of the specimen can remain still during 
the stretching to avoid bending moment on the specimen.   
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Figure 3.12 A top view illustrating a position during operation of the apparatus 
3.4.4 Advantages and disadvantages of the testing system  
Compared with the conventional out-of-plane and in-plane formability tests introduced in 
Chapter 2, the proposed testing approach overcomes their obvious drawbacks, such as large 
strain gradients and the presence of friction. It enables to determine FLDs of alloys subjected 
to complex forming processes, such as hot forming and cold die quenching. Advantages and 
disadvantages of the testing system are as below. 
Advantages of the biaxial testing system: 
1) Cooling process can be achieved during the tests. Heating rate and cooling rate can be 
controlled precisely by a Gleeble for complex forming process applications. 
2) An isothermal environment can be created in gauge section region of a specimen by 
resistance heating after cooling and the highest temperature level can be over 1000°C. 
3) It is capable of performing strain measurement by using DIC so that time-dependent 
strain and deformation history can be obtained. 
15° 
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4) Friction effects which could cause errors on the measurement of FLDs of alloys are 
avoided.  
5) The biaxial mechanism has a relatively simple configuration and is employable within 
limited space with a similar loading capacity available on conventional tensile test 
machines. It reduces the cost and complexity of biaxial tensile testing compared to 
traditional biaxial testing mechanisms. 
6) The relationship of time and input displacement from a Gleeble can be defined 
accurately in advance in order to keep a constant effective strain rate on a specimen 
during testing.  
7) Different linear strain paths can be achieved easily by varying the lengths and 
orientations of rigid connection means in the apparatus and the strain path is 
independent of specimen dimensions.  
8) The apparatus can also be used to investigate other mechanical behaviour of alloys, 
e.g. yield locus, etc. 
Disadvantages of the biaxial testing system: 
1) Temperature fields by resistance heating are heavily affected by specimen design and 
temperature gradients on a specimen can hardly be avoided. 
2) No existing standard specimen design available for biaxial testing.  
3) It requires a high stiffness of the structure of Gleeble chamber because a clockwise 
torsional load from the apparatus is applied to the chamber inner surface during 
biaxial testing. 
4) The strong magnetic field in the Gleeble chamber has an effect on load measurement 
because load cells in the apparatus are made of stainless steel. 
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3.4.5 Set-up and procedure of biaxial tensile testing  
Figure 3.13 illustrates the set-up of the entire experimental system in the Gleeble 3800. Two 
miniature load cells are embedded in the novel apparatus and connected to an amplifier and 
an oscilloscope which can capture the history of the loading. The output of load sensors will 
be used to check the force levels in each direction. The surface of the cruciform specimen 
faced to the high-speed camera and the camera lens was adjusted to be parallel to the surface 
of specimen. The high speed camera was connected to a computer and the frame rates of the 
camera were adjusted to 25 fps, 50 fps and 500 fps for the tests at the strain rate of 0.01 /s, 
0.1 /s and 1 /s, respectively. Resolutions of all images were 1280×1024 pixels. An additional 
spot light with a power of 300W was used for tests at different strain rates. Specimens with a 
stochastic spraying pattern were prepared prior to tests by using FlameProof spray 
withstanding temperatures up to 1093°C. Thermocouples are welded on the back surface of 
the specimen and linked to the Gleeble feedback temperature control system to monitor and 
control the temperature changing history and obtain the temperature distribution on the 
specimen.  
It is noticed that there are four clamping regions on the four arms of one cruciform specimen. 
Each clamping region contacted tightly with a stainless steel top plate which is electrode for 
resistance heating. Welding cables with crimp ring terminals were used to connect the top 
plates to the electrical power supplier in the chamber of Gleeble. The conductor area of the 
welding cables is 50 mm
2
 and current rating is 345 AMP. Flared nozzles with hoses are 
connected to the high flow quench system with a regulated air of 100 psi for applying cooling 
process. The entire surface of the specimen could be cooled by using this type of nozzles 
during a cooling process. The nozzles are not directed onto the gauge section for cooling to 
avoid blocking the central region in the camera view. 
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Figure 3.13 The set-up of the biaxial testing system for formability tests 
The temperature profile for biaxial tensile tests is shown in Figure 3.14. The material was 
heated to the solution heat treatment temperature of 535°C with a heating rate of 30 °C/s, 
soaked for 1 minute, which was considered sufficient for full resolution of precipitates, and 
then cooled to a designated temperature in the range of 370-510°C at a cooling rate of 
100 °C/s. The tensile tests were conducted at constant effective strain rates at the range of 
0.01-1 /s under isothermal conditions. The test matrix for hot deformation after solution heat 
treatment and cooling is shown in Table 3.4. Strain path condition contains uniaxial, plane 
Control console
High-speed camera
Amplifier & 
oscilloscope
Gleeble chamber & apparatus
Welding cables
Flared nozzles
Top plates
Back view of the apparatus
Quench system
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strain and biaxial testing. At least three tests were completed for each test condition and each 
strain path to prove the repeatability. Images were imported into ARAMIS for data post 
processing. Determined FLDs of AA6082 are shown in Section 5.3.2.2. 
 
Figure 3.14 Schematic of the temperature profile for AA6082 formability tests under HFQ 
conditions 
Table 3.4 Test matrix of AA6082 formability tests under HFQ conditions 
  Deformation temperature (°C) 
  370 440 510 
Strain rate (/s) 
0.01  √  
0.1 √ √ √ 
1  √  
535
Solution heat treatment
Soaking 1 minute
Heating rate
30  C/s
Cooling rate 100  C/s
Isothermal tensile 
tests at constant 
strain rates
(0.01-1 /s)
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em
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 C
)
Time (s)
370-510 C
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3.5 Summary 
Uniaxial tensile tests were designed to characterise the thermo-mechanical properties of 
AA6082 under HFQ conditions. The DIC system was used to conduct strain measurement 
and the accuracy of this measurement method will be discussed in Chapter 5. A novel biaxial 
testing system was invented and proposed based on a Gleeble. It was used to investigate the 
effects of deformation temperature and strain rate on the formability of AA6082 under 
different strain paths. This novel method has obvious advantages compared to conventional 
out-of-plane and in-plane formability tests and it enables FLDs of alloys for hot stamping 
applications to be determined.  
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CHAPTER 4 DESIGN AND OPTIMISATION OF 
CRUCIFORM SPECIMENS 
4.1 Principles of specimen design 
Various cruciform specimens with different features have been designed for biaxial testing 
[56, 115-117] in order to characterise mechanical behaviour of metals subjected to biaxial 
loading; however, no standard of specimen geometry for biaxial testing has been developed. 
An optimum specimen design requires a combination of tests and corresponding FE 
simulations. The aim of the optimisation is to ensure the onset of localised necking occurs 
within the central biaxial loading zone of a specimen and not in the arms, which are 
uniaxially loaded. The objectives of this cruciform specimen geometry optimisation exercise 
for robust biaxial testing under hot stamping conditions are listed below. 
1) Maximisation of strain and stress uniformity in the biaxial loading zone. 
2) Minimisation of the global shear strains in the biaxial loading zone. 
3) Minimisation of the strain and stress concentration outside the biaxial loading zone. 
4) Maximisation of uniformity of temperature distribution in the biaxial loading zone. 
5) Maximisation of linearity of strain path. 
6) Failure in the biaxial loading zone. 
7) Repeatable results. 
It is extremely difficult to develop cruciform specimens that simultaneously fulfil all these 
requirements [111]. In this chapter, one type of cruciform specimen was proposed after 
optimisation for the biaxial testing at different strain paths under hot stamping conditions, 
which can avoid failure in the arms or at the corner fillet of the cruciform specimen. The first 
step of the optimisation procedure was to adjust parameters based on the thermal analysis of 
65 
 
the testing system. The second step contained a study on failure locations, the uniformity of 
strain and strain path control.  
A thermal analysis of the resistance heating methods adopted is presented first for the 
designed preliminary geometries in the proposed testing system, in order to improve the 
uniformity of temperature distribution in the specimen during the testing. Since strains are the 
measurable quantity in the biaxial loading region using the DIC technique for full field strain 
measurements, the first principal strain and shear strain values can be used for the 
investigation of strain uniformity. Thermo-electrical FE models and thermo-mechanical FE 
models are able to predict temperature distribution and location of localised necking on a 
specimen for parameter optimisation. The dimensions of cruciform specimens for testing 
under different strain paths needed to be finalised after the calculation and analysis.  
4.2 Thermal analysis of the biaxial testing system 
4.2.1 Determination of features of cruciform specimens 
4.2.1.1 The effect of reduced thickness and slots 
For a cruciform specimen, the arms experience uniaxial tension while the central region is 
tensioned biaxially. The load bearing capacity of sheets under uniaxial tension is smaller than 
that under biaxial tension so that failure usually occurs in the arms of a cruciform specimen in 
a biaxial testing [65]. It has been proved that a reduced thickness in the central zone of a 
cruciform specimen and slots in the arms are beneficial to inducing failure to occur within the 
biaxial loading zone and improving the uniformity of strain distribution [59, 65, 118]. The 
preliminary geometries of cruciform specimens, which meet the basic requirements, are 
shown in Figure 4.1.  
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(a) Geometry A                               (b) Geometry B 
Figure 4.1 Dimensions of two cruciform geometries 
Fillets of 9mm are introduced at the intersection of two perpendicular arms of the cruciform 
specimen to reduce stress concentration in the corners. The thickness of the specimen is 1.5 
mm and it is reduced with a depth of 0.4 mm on the two faces of the central region to form a 
recessed square gauge section with a dimension of 17 mm × 17 mm and a thickness of 0.7 
mm in the middle of the specimen. The radius of the fillet in the recessed zone is 2 mm. This 
is designed to undergo recorded deformation under biaxial stretching. The widths of four 
arms were designed as 24 mm, which were determined according to the loading limit of the 
biaxial apparatus presented in Chapter 3. The difference of geometry B from geometry A is 
that slots with a length of 30 mm and a width of 1.4 mm are cut into the arms in order to 
investigate whether they can distribute the load more uniformly to the central gauge section. 
The distance between each slot is 6 mm and the distance from the mid-length of the specimen 
to the ends of the slots is 14.5 mm, marked in Figure 4.1(b).  
Trial tests were conducted at a temperature of 400°C and strain rate of 0.1 /s after solution 
heat treatment and quenching processes. The first principal strain and shear strain were 
measured and recorded using the DIC technique. Figure 4.2 shows the results of the first 
principal strain and shear strain measurements when the maximum effective true strain in 
Slots 
Reduced 
thickness 
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central zone for each test reaches 0.3. Only the central recessed zone is considered as the 
gauge section where biaxial loading condition is fulfilled. Strain pattern is not symmetric in 
the central region, which caused by the non-uniformity of temperature distribution. It is clear 
that the strain level of the first principal strain is around 30% higher than that in surrounding 
regions on geometries A and B, which indicates that reduced thickness could enable localised 
necking to occur in the central zone.  
   
(a) Full-field strains of geometry A 
  
(b) Full-field strains of geometry B 
Figure 4.2 DIC results of the first principal strain and shear strain distribution for geometries 
A and B tested at the temperature of 400°C and strain rate of 0.1 /s  
According to shear strain distributions for the two tested geometries, the maximum values for 
geometry A in the gauge section are over 20% larger than that for geometry B, but the 
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average values are similar over the milled zone. High strain can be observed for the transition 
region between the milled surface and the full thickness of the specimen, especially in the 
corners of the square recess. Therefore, the strain concentration needed to be reduced over the 
milled surface. 
4.2.1.2 The effect of recessed shape  
Figure 4.3 shows the dimension of geometry C altered from geometry B in order to reduce 
the strain concentration over the milled zone. The change in geometry C from geometry B is 
the shape of the recess in the biaxial loading zone. A circular region with a diameter of 17 
mm and a depth of 0.4 mm was milled away from the front and back sides of the specimen. 
The dimensions of other regions are the same as that of geometry B.  
 
Figure 4.3 Dimensions of cruciform geometry C 
Figure 4.4 shows the DIC results tested at the same condition as for geometry B. No severe 
strain concentration was observed anymore in the circular milled zone. The shear strain 
distribution for geometry C is similar as that for geometry B.  
Figure 4.5 shows the normalised value of the first principal strain distribution along the 45° 
inclined surface over the milled zone for the tested three geometries. The uniformity of the 
Central region 
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first principal strain distribution for geometry B is better than that for geometry A, which 
shows that the presence of slots in the specimen arms can improve the strain uniformity. The 
uniformity of the first principal strain distribution for geometry C is better than that for 
geometry B, which shows that strain concentration was reduced by introducing a circular 
reduced thickness so that the uniformity of strain distribution has been improved significantly 
in the gauge section. 
     
Figure 4.4 DIC results of the first principal strain and shear strain distribution for geometry C 
tested at the temperature of 400°C and strain rate of 0.1 /s 
 
Figure 4.5 Variation of normalised the first principal strain over the milled zone 
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However, fracture was observed experimentally on the ends of slots before that occurred in 
the central zone for geometry C because of severe stress concentration. This is also due to the 
fact that the distance 14.5 mm, as shown in Figure 4.3, from the slot ends to the mid-length of 
the specimen is small for geometry C despite the fact that a smaller distance would be better 
for improving the uniformity of strain distribution in the central region. This problem of 
unacceptable fracture location needs to be solved and the position of slots needs to be 
optimised after the thermal analysis of temperature distribution on the specimen since 
changes of dimensions of the specimen may have effects on temperature distribution using 
the resistance heating method.  
4.2.2 Heating and cooling strategies 
The first stage in optimising specimen dimensions was based on uniformity of temperature in 
the central area at the start of a tensile test. The position of the ends of the slots from the mid-
length was attempted to increase to 15.5 mm in order to retain potentially uniform stressing 
of the central gauge region while avoiding fracture at the ends of the slots. Other dimensions 
are the same as for geometry C. This specimen is named geometry D.   
Three types of heating and cooling strategy are possible with the designed cruciform 
specimen geometries, as shown in Figure 4.6. For the first type, one arm of the specimen is 
connected to the positive electrode and the opposite one to the negative electrode. Since there 
is no electrical current flow in the other two arms of the specimen, their temperature remains 
low. The cooling air can flow from the ends of these two arms to the central region for 
quenching when the quench is triggered (Figure 4.6(a)). This is a simple and straightforward 
way to achieve the resistance heating and cooling, but the temperature distribution on the four 
arms of the specimen is unlikely to be uniform.  
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(a) Heating and cooling - Type 1 
 
      
(b) Heating and cooling - Type 2 
 
        
(c) Heating and cooling - Type 3 
Figure 4.6 Three types of specimen heating and cooling (Arrows on specimens represent the 
direction to decrease of electrical potential) 
Nozzles for air cooling 
Nozzles for air cooling 
Nozzles for cooling 
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For the second type, two adjacent arms are attached to positive electrodes and the other two 
to negative electrodes (Figure 4.6(b)). The electrical current goes through the entire specimen 
to heat up it and four nozzles are used for cooling. Cooling air flows from the ends of the four 
arms to the central region enveloping the entire specimen. The flow rate for cooling is a 
critical parameter to control the cooling rate. Flow rate dependents on air pressure and the 
pressure required for a chosen cooling rate depends on specimen dimensions and test 
temperature. Trials are necessary to identify values of air pressure required to achieve 
specified cooling rates. For the third type, two opposite arms are attached to positive 
electrodes and the other two to negative electrodes (Figure 4.6(c)). The cooling process is the 
same as for the second type of cooling strategy.  
4.2.3 Measurements and computations of full-field temperature 
distribution for each strategy 
4.2.3.1 Temperature measurements by thermocouples 
Tests were conducted using each of the above three types of heating and cooling strategies to 
measure the temperature distribution in an undeformed specimen of geometry D. Pairs of 
thermocouples were welded on each specimen in order to identify temperature gradients. The 
locations of the thermocouples and the measured temperature profiles are shown in Figure 4.7. 
Solid lines are the programmed temperature profiles in the Gleeble and dotted lines are the 
measured temperatures at different locations on the specimen. The temperature of the central 
point T1 was used to control the specimen heating and cooling processes according to the 
designated temperature profile. The heating rate was changed to 5 °C/s from 50 °C/s once the 
temperature reached 500°C to avoid overshooting of the target temperature of 535°C. In 
order to ensure necking starts in the central gauge region which is undergoing biaxial loading, 
in an ideal case, the temperature field in the recessed region should be higher than other 
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regions since the strength of AA6082 decreases with the increasing temperature according to 
the results of previous uniaxial tensile tests [119] and the temperature distribution in the 
gauge region in the other parts of the specimen should be uniform. 
In Figure 4.7(a), the temperature at location 3 is over 10°C higher than that at location 1 
because of large geometric changes from the end of the slot to the recess in the centre for the 
first type of heating and cooling route. This may cause localised necking to start from the 
region around location 3 with stress concentration but not from the gauge section, which is 
not acceptable for the biaxial tension.  
For the second type of heating and cooling route (Figure 4.7(b)), the temperature difference 
within the recessed region is within 5°C, which indicates a sufficiently uniform temperature 
distribution was created. The temperature at location 4 is around 20°C lower that at location 1, 
which is perhaps beneficial to obviating localised necking within the surrounding region of 
the gauge section.  
Regarding the third type of heating and cooling route (Figure 4.7(c)), the temperature at 
location 2 is 30°C higher than that at location 1. This may cause failure to occur in the 
surrounding region before the gauge section.  
Different routes of heating and cooling have their own advantages and drawbacks. In order to 
obtain entire temperature fields, which were not available experimentally due to the 
temperature measurement method adopted, on undeformed specimens, FE simulation work 
was also carried out to further investigate the uniformity of temperature distribution and thus 
to select the best heating/cooling strategy.  
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(a) Temperature profile with the heating and cooling route of Type 1 
 
 
(b) Temperature profile with the heating and cooling route of Type 2 
 
 
(c) Temperature profile with the heating and cooling route of Type 3 
Figure 4.7 Experimental results of temperature changing history 
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4.2.3.2 Thermo-electrical FE model 
A thermal-electrical FE model was developed in ABAQUS to simulate Joule heating and 
calculate the temperature distribution in a specimen. A user-defined subroutine UAMP was 
embedded in ABAQUS/Standard to control the value of the current density input to the FE 
model by comparing the error between the calculated temperatures and the temperatures 
measured experimentally at different locations on the specimen. The user subroutine UAMP 
provided feedback control by regulating the input of current density to simulate resistance 
heating, illustrated by the flow diagram in Figure 4.8.  
 
Figure 4.8 Work flow of UAMP 
The controlling thermocouple T1 was chosen from the central node within the gauge section. 
An initial value of current density was applied to the model at the start increment of the 
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simulation. The calculated temperature of the controlling node was compared to the 
predefined temperature at corresponding increment time. If the difference is equal or less than 
0.1°C, the amplitude of current density would remain constant. If the difference is greater 
than 0.1°C, the amplitude would be modified at the next increment of time according to 
Equation (4.1) [120]:  
 ∅∗ = 𝐾𝑖(1 + ∆𝑇𝑖 (1 + 𝑇𝑖)⁄ ) (4.1) 
Where, ∅∗ is the updated value of the current density, 𝐾𝑖 is the constant amplitude, which is 
different for various stages of a temperature profile and values are shown in Table 4.1. 𝑇𝑖 is 
predefined program temperature and ∆𝑇𝑖  is the temperature difference of calculated 
temperature and predefined program temperature. This loop was repeated at every time step. 
Table 4.1 Values of constant 𝐾𝑖 in the UAMP subroutine for different processes 
 
𝐾1 
(Heating) 
𝐾2 
(Soaking) 
𝐾3 
(Cooling) 
𝐾4 
(Isothermal) 
Values 13.0 5.0 5.2 4.5 
 
The FE simulations were carried out for the three types of heating and cooling routes. In 
order to obtain agreement between the FE computed results and the experimental results of 
temperature profiles, the conduction heat transfer coefficient was defined as 8000 Wm
-2
K
-1
 
and the sink temperature within clamping region was defined as 170°C. These two values 
were determined empirically for the best fit of the thermal simulation results to the 
experimental temperature data obtained for selected positions on the specimen. The sink 
temperature of clamping region was also validated experimentally. The initial temperature of 
all elements was set to the room temperature of 20°C. Conduction heat transfer was directed 
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to the clamping area to simulate the heat loss. The gauge area of the specimen was meshed 
finely and the coarseness of the mesh increased from the centre-line of the specimen to the 
clamping end in order to improve the calculation efficiency. A 4-node linear coupled thermo-
electrical tetrahedron was used as the element type. 
4.2.3.3 Results and discussion 
Full-field temperature distribution was calculated as the central point temperature T1 
increased to 535°C, soaked 1 min and cooled to 400°C at a cooling rate of 100 °C/s. The 
results of computed temperature at different thermocouple locations were compared to 
experimental results measured at the central point temperature T1 of 400°C, as shown in 
Table 4.2. Good agreement can be observed between the predicted results and experimentally 
measured results. 
Table 4.2 Comparison of experimental and simulated results of temperatures at different 
locations on specimens for different types of heating and cooling routes 
 
Temperature results (°C) Location T1 Location T2 Location T3 Location T4 
1
st
 type 
Experiment  398.63 398.76 409.73  
FE 400.01 395.23 407.89  
2
nd
 type 
Experiment  399.07 402.86 401.01 382.07 
FE 400.87 399.69 396.88 380.04 
3
rd
 type 
Experiment 399.98 415.54   
FE 400.41 418.37   
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(a) The temperature field with the heating and cooling route of Type 1 
 
 
            
 
(b) The temperature field with the heating and cooling route of Type 2 
 
 
        
 
(c) The temperature field with the heating and cooling route of Type 3 
Figure 4.9 Simulated temperature distribution results 
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Figure 4.9 shows the full-field temperature distribution for each heating and cooling strategy. 
All simulation results were obtained at the soaking temperature of 400°C after 1min solution 
heat treatment at 535°C and quenching process with a quench rate of 100 °C/s. In Figure 
4.9(a), by using of the first type of heating and cooling route, the temperature difference 
between the heated two arms and the other two is around 100°C. The non-uniform 
temperature field could cause the heterogeneous deformation on the specimen. The 
temperature difference between region A and region B is around 30°C, which may cause the 
fracture occur on the two arms (region B) with relatively higher temperatures. Thus this 
heating and cooling strategy is not recommended.  
In Figure 4.9(b), an isothermal temperature field can be observed within the gauge region but 
different temperature distributions exist on the four arms of the specimen. The temperature 
distribution outside the recessed region is not symmetric because the gradient of electrical 
potential on the specimen decreased from the positive electrodes to the negative electrodes. 
The variation of temperature distribution outside the gauge region would have an effect on 
the deformation of the central region. The temperature in region A is 4°C lower than that in 
region B along the section І-І and about 15 C higher than that in region C along the section 
ІІ-ІІ. A higher temperature within the gauge area is beneficial to inducing fracture to start in 
this region.  
In Figure 4.9(c), the temperature field is symmetrical over all the specimen and uniform 
within each region. The temperature difference within region A is 8.2°C. However, the 
average temperature in region A is 32.8°C lower than the maximum temperature in region B 
along the section І-І. When the average temperature in the central region is much lower than 
that on the arms of the specimen, the stress concentration on the arms may cause the localised 
necking before that in the central region with lower temperature.  
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Based on the analysis above, Type 2 strategy is the acceptable one compared with the other 
two since fractures could occur in the central region but not in the arms by consideration of 
temperature distribution on a specimen. In fact, the facture occurred in the arms of a 
specimen or around the ends of slots when Type 1 and Type 3 strategies were used for 
heating and cooling processes in practical tests. The localised necking started from the central 
gauge section only with the second type of heating and cooling route. 
4.2.4 Summary 
Features of a reduced thickness and slots in the arms of a cruciform specimen proved to be 
useful for inducing a near uniform stress in the gauge region under biaxial testing. A thermo-
electrical FE model was used to obtain temperature fields in specimens. By comparison of 
temperature distributions obtained from different types of resistance heating and cooling 
strategies, it was found that connecting two adjacent arms of the cruciform specimen to 
positive electrodes gave the most acceptable uniform temperature field within the gauge 
region. Specimen design needs to be modified based on the chosen heating and cooling 
strategy since the temperature distribution on the arms of the cruciform specimen is not 
uniform and symmetric.  
4.3 Optimisation of cruciform specimens 
4.3.1 Dimension optimisation of cruciform specimen for equi-biaxial 
testing 
4.3.1.1 Modified cruciform specimens 
Based on the previous thermal analysis of temperature distribution, the corner fillet between 
two arms was modified to 10 mm, to give geometry E-1; other dimensions of slots, central 
region and width of arms are the same as geometry D. It was reduced to 2 mm for two 
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opposite corners in geometry E-2 in order to balance the temperature difference in the arms 
of the specimen. Two notches with a diameter of 0.7 mm were introduced in geometry E-3. 
Dimensions of all geometries are shown in Figure 4.10. 
           
(a) Geometry E-1 
     
(b) Geometry E-2                                           (c) Geometry E-3 
Figure 4.10 Modified cruciform specimens for biaxial testing 
4.3.1.2 Determination of full-field temperature distribution 
Geometry E-2 was used to experimentally investigate the effect of corner fillet on 
temperature distribution in the specimen. Thermocouples in 6 locations, identified in Figure 
4.11, were welded to the specimen to monitor the temperature change during the heating and 
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cooling process. The specimen was heated up to 535°C at position 1 and soaked for 1 min, 
then quenched to 440°C at position 1 and soaked for 15 seconds.  
 
Figure 4.11 Locations of thermocouples welded on geometry E-2 
A thermo-electrical FE model with the UAMP subroutine was used to obtain the full-field 
temperature distribution on the specimen using ABAQUS/Standard. The updated values of 
constant 𝐾𝑖  used in the subroutine to adjust the input of the current density are shown in 
Table 4.3.  
Table 4.3 Updated values of constant 𝐾𝑖 in the UAMP subroutine for different processes 
 
𝐾1 
(Heating) 
𝐾2 
(Soaking) 
𝐾3 
(Cooling) 
𝐾4 
(Isothermal) 
Values 16.0 12.0 8.2 7.5 
 
The simulated results of temperature were compared with the measured results in order to 
verify the FE model. The average values at the temperature of 440°C during the 15 seconds 
soaking time were calculated and results are shown in Table 4.4. Good agreement at each 
location can be seen. The calculated full field temperature has been used input to a thermo-
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mechanical FE model. Full-field temperature distributions were also obtained for geometry 
E-1 and E-3 by using the same FE model. 
Table 4.4 Comparison of experimental and simulated results of temperatures at different 
locations on geometry E-2 
 
Temperature results (°C) T1 T2 T3 T4 T5 T6 
Experiment 535.03 503.13 493.28 522.22 540.51 549.61 
FE 534.08 506.49 490.81 525.15 537.66 541.48 
Experiment 439.98 423.82 408.64 431.11 445.46 451.31 
FE 440.19 423.39 403.75 434.83 440.71 447.58 
 
4.3.1.3 Thermo-mechanical FE model 
 
Figure 4.12 FE model coupled with thermo-electrical and thermo-mechanical boundary 
conditions for biaxial testing 
Tensile displacements
Current flow
Sink temperatures of 170°C
on each clamping region
Conduction heat transfer 
on surface
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The temperature profile obtained from the first step simulation was imported to the explicit 
thermal-mechanical FE model as a pre-defined temperature field in ABAQUS/Explicit. This 
analysis was used to simulate deformation of the specimen by using the same geometrical 
model with the same mesh quality as for the thermo-electrical model. 
 
Figure 4.13 Flow chart of stress updated algorithm in VUMAT 
VUMAT call for one element
Input time increment
Input temperature profile T
Input total strain increment tensor 
Define temperature-dependant parameters
Calculate the stiffness matrix of the material
Calculate total strain tensor = +
Stress tensor and state variables , ω, , 
obtained from previous increment
Calculate equivalent stress 
Equivalent plastic strain rate 
Output updated stress tensor and state variables , ω, , 
Plastic strain increment 
Plastic strain tensor 
Calculate elastic strain tensor 
Stress tensor update 
Dislocation density evolution rate 
Hardening evolution rate 
Damage evolution rate 
Dislocation density integration 
Damage integration
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Figure 4.12 shows the FE model coupled with thermo-electrical and thermo-mechanical 
conditions. The entire specimen model was used in FE analysis because the specimen is not a 
symmetrical structure. Central node of the specimen was fixed in the FE model during the 
stretching and the same relationship of time-displacement as in the experimental work was 
input to the FE model in each direction. VUMAT was used in ABAQUS/Explicit as the 
material model with the set of constitutive equations introduced in Chapter 2. The stress 
update algorithm in VUMAT is shown in Figure 4.13. The FE simulation was carried out for 
geometries E-1, E-2 and E-3 deformed at a temperature of 440°C and at the strain rate of 0.1 
/s. The average value of strain rate was calculated by defining the diameter of the central 
region as the gauge length. 
4.3.1.4 Results and discussion 
                                       
(a) Geometry E-1 
      
(b) Geometry E-2                         (c) Geometry E-3 
Figure 4.14 Simulated results of the first principal strain for geometries E-1,2,3 
-45° 45° 
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Strain values were used for the analysis and comparison of experimental and simulated 
results since stress values in the biaxial loading zone cannot be calculated experimentally due 
to the ill definition of the load bearing area. Figure 4.14 shows the FE results of the first 
principal strain for different geometries. Due to the unsymmetrical distribution of temperature 
in the arms of specimens there is a difference of strain level along 45° and -45° directions 
within the milled zone, shown in Figure 4.14(a). When a smaller corner fillet was introduced 
at the intersection of two perpendicular arms at -45° direction in geometry E-2 and E-3, the 
difference of strain level within the central zone is reduced to some extent. 
Figure 4.15 shows the simulated results of shear strain for geometries E-1, E-2 and E-3. The 
in-plane shear strains around the corner fillet regions are not zero for all geometries and 
higher shear strain values are observed for geometries with small corner fillets.  Lower values 
exist in the central region for geometry E-1 and E-2. The nonzero value of shear strain can 
result in the direction of the principle strains being at an angle to the loading axes. 
 
(a) Geometry E-1 
     
(a) Geometry E-2                         (c) Geometry E-3 
Figure 4.15 Simulated results of shear strain for geometries E-1, E-2 and E-3 
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The uniformity of the normalised first principal strain distribution within the gauge section is 
shown in Figure 4.16. It can be seen that the uniformity of strain distribution for geometry E-
3 is the best; however, severe localised necking is occurred around the notch region, which 
could cause failure occur there instead of within the gauge section, so it is not recommended 
to introduce a notch as the corner fillet based on the current design.  
 
Figure 4.16 Variation of normalised the first principal strain over the milled zone for 
geometries E-1,2,3 
The strain path is directly controlled by displacements imposed on each axis of the specimen 
and it can be quantified as the value of the ratio of minor strain to major strain, which should 
be 1.0 for equi-biaxial strain. The evolution of the ratio values at the central point for 
different geometries is shown in Figure 4.17. There are relative higher values for geometry E-
2 and E-3, which indicates that the modification of corner fillets contributes to obtaining an 
approximate equi-biaxial strain path.  
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Figure 4.17 Ratio of minor strain to major strain under the equi-biaxial strain path for 
different geometries 
4.3.1.5 Experimental validation 
The biaxial tensile tests were conducted using geometries E-1 and E-2 at the deformation 
temperature of 440°C and strain rate of 0.1 /s. In order to detect the onset of necking, the 
international standard ISO 12004-2 [44] was applied to obtain the values of forming limits 
using the ARIMIS software. The basic principle of this standard method is analysing the 
measured strain distribution along predefined cross sections which are perpendicular to the 
crack direction and using an inverse parabola to fit through two fit windows which are 
determined using the second derivative of the strain values against their positions and then 
determining the critical values of the major and minor principal strains. Figure 4.18 shows the 
results of biaxial tensile tests before failure by using specimen E-1 and E-2, respectively. The 
forming limits of minor strain and major strain are also shown in Figure 4.18 and the ratio of 
strain path increases from 0.160 to 0.307. It is still lower than the results of FE simulation, 
probably due to various factors, such as material defects, temperature variations, anisotropic 
behaviour of the material and the location of the onset of necking in the central zone of the 
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specimen which is not exactly at the central point. In conclusion, geometry E-2 is the best one 
and it is chosen as the determined design of the cruciform specimen for biaxial testing. 
        
(a) Geometry E-1    (0.047, 0.293)               (b) Geometry E-2    (0.093, 0.303) 
Figure 4.18 Fracture of specimens E-1 and E-2 and the corresponding value of the ratio 
minor to major strain 
4.3.2 Dimension optimisation of cruciform specimen for testing under 
plane strain path 
4.3.2.1 Modified cruciform specimens 
Two opposite clamping regions of a cruciform specimen are fixed to the specimen carriages 
in the apparatus so that the overall deformation in that direction is close to zero for testing 
under the strain path of plane strain. When the same dimensions of cruciform specimen as 
that for equi-biaxial testing was used experimentally, failure always occurred in the arms of 
the specimen due to the fact that slots reduce the stiffness of the arms, which is even lower 
than that of the central recesses region. Therefore, a cruciform specimen modified in 
geometry from that used for biaxial testing under plane strain path needs to be used.   
It would be possible to increase the width of the two loaded arms but that would increase the 
stiffness of the specimen significantly. Figure 4.19 shows the dimensions of geometry F-1 
and F-2 used to investigate the effect of the number of slots on tests under the strain path of 
Major strain Major strain 
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plane strain. Only one slot is introduced in two loaded arms for geometry F-1 and the middle 
slot is 1.5 mm shorter than others in two fixed arms for geometry F-2.   
           
(a) Geometry F-1       (b) Geometry F-2 
Figure 4.19 Modified cruciform specimens for plane strain testing 
4.3.2.2 Thermo-electrical and thermo-mechanical FE models 
 
Figure 4.20 Locations of thermocouples welded on geometry F-1 
Thermocouples were welded to 4 locations on the specimen, identified in Figure 4.20, of 
geometry F-1 to monitor temperature change during the heating and cooling process, marked 
in Figure 4.20. The specimen was heated up to 535°C at the centre point and soaked for 1min, 
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then quenched to 440°C and soaked for 15 seconds. The average values at soaking 
temperatures were calculated. 
Thermo-electrical and thermo-mechanical FE models coupled with the UAMP and VUMAT 
subroutines in ABAQUS were used to obtain the full-field temperature and strain distribution 
respectively on specimens of geometry shown in Figure 4.21. The sink temperature is defined 
as 180°C measured experimentally. Two opposite clamping regions are fixed and the other 
two undergo the displacement of stretching. The same relationship of time-displacement as in 
the experimental work was input to the FE model in each direction. The simulated results of 
temperature were compared with the measured results to validate the FE model, as shown in 
Table 4.5. Good agreement was observed for each thermocouple location. The simulation of 
deforming specimens was performed for geometry E-1, F-1 and F-2. 
 
Figure 4.21 FE model coupled with thermo-electrical and thermo-mechanical boundary 
conditions for plane strain testing 
Tensile 
displacements
Current flow
Sink temperatures of 180°C
on each clamping region
Conduction heat transfer 
on surface
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Table 4.5 Comparison of experimental and simulated results of temperatures at different 
locations on geometry F-1 
Temperature results (°C) T1 T2 T3 T4 
Experiment 535.02 540.78 505.24 503.53 
FE 535.99 537.07 507.55 502.31 
Experiment 439.42 444.12 422.64 423.70 
FE 439.34 441.39 422.21 418.71 
 
4.3.2.3 Results and discussion 
  
(a) Geometry E-1 
          
(b) Geometry F-1                                                    (c) Geometry F-2 
Figure 4.22 Simulated results of the first principal strain for geometries E-1, F-1 and F-2 
Figure 4.22 shows the FE results of the first principal strain for different geometries. For 
geometry E-1, the strain level in the arms is higher than the gauge zone from the beginning of 
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the deformation, which could cause failure to occur in the arms. The number of slots is 
reduced to one in two opposite arms for geometry F-1 so that the central zone has higher 
strain values than that in the arms. However, failure may start from the middle slot since it is 
the closest one to the milled zone. The length of the middle slot is reduced for geometry F-2, 
which can avoid failure to start out of the central zone.    
Figure 4.23 shows the simulated results of shear strain for geometries E-1, F-1 and F-2. The 
in-plane shear strains around the corner fillet regions are higher than the geometry before 
modification of corner fillets. It still remains a lower value in the gauge section for geometry 
F-1 and F-2, which is acceptable for the testing. 
The changes of the cruciform specimen for testing under plane strain state just have a slight 
effect on the uniformity of strain distribution, as shown in Figure 4.24. Both geometry F-1 
and geometry F-2 have a good uniformity of the first principal strain distribution.  
  
(a) Geometry E-1 
              
(b) Geometry F-1                                    (c) Geometry F-2 
Figure 4.23 Simulated results of shear strain for geometries E-1, F-1 and F-2 
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Figure 4.24 Variation of normalised the first principal strain over the milled zone for 
geometries E-1, F-1 and F-2 
 
Figure 4.25 Ratio of minor strain to major strain under the plane strain path for different 
geometries 
The evolution of the ratio values of strain path at the central point for different geometries 
changes little with change in geometry, as shown in Figure 4.25. The value is nonzero 
because of the absence of shear strain in the central zone so that the strains measured in the 
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two loading directions are not the principal strains. This could be improved potentially by 
applying a small tensile displacement in the two fixed arms to eliminate the shrink of the 
material so that the second principal strain is zero or by improving the uniformity of 
temperature distribution on the entire specimen.  
4.3.2.4 Experimental validation 
 
(-0.032, 0.243) 
Figure 4.26 Fracture of specimen F-2 and the corresponding value of minor to major strain 
ratio 
The biaxial tensile test under plane strain state was conducted by using geometry F-2 at the 
deformation temperature of 440°C and strain rate of 0.1 /s. Figure 4.26 shows the facture 
location, which was in the central zone. The uniformity of major strain distribution is good 
and the ratio of strain path is 0.132, which is close to plane strain state. Failure did occur in 
the arms of the geometry F-1 experimentally. In conclusion, geometry F-2 was the 
determined design of the cruciform specimen for plane strain testing. 
4.4 Determined dimensions of specimens for each strain path 
application 
To eliminate the constraint imposed on the gauge region by the lateral unstrained arms, a 
dog-bone type of specimen was used for uniaxial testing in the determination of an FLD. The 
Major strain 
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Section A-A 
width of uniaxial specimen for formability tests was specified as 14 mm, which is the same as 
the diameter of gauge length section without the chamfer of a cruciform specimen. The 
dimensions including clamping regions after optimisation of each specimen for different 
strain paths are shown in Figure 4.27, Figure 4.28 and Figure 4.29. The length of each 
specimen is 174 mm and the thickness of the central zone for cruciform specimens is 0.7 mm. 
The design of clamping regions is coupled with the dimensions of specimen holders in the 
apparatus. 
 
Figure 4.27 Dimensions (in mm) of the uniaxial specimen for formability tests 
 
Figure 4.28 Dimensions (in mm) of the cruciform specimen for tests under biaxial strain path 
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Section A-A 
 
Figure 4.29 Dimensions (in mm) of the cruciform specimen for tests under plane strain state 
4.5 Summary 
Cruciform specimens for the novel formability tests were proposed and optimised based on 
thermal analysis of the test system and results analysis of FE simulation coupled with thermo-
electrical and thermo-mechanical models. The formability tests using the novel in-plane 
biaxial tensile testing system were conducted, using the optimum cruciform specimens, at the 
designated temperatures and strain rates after cooling, to verify the feasibility of the proposed 
specimen geometries. All dimensions of specimens for testing under each strain path were 
determined finally to fulfil as many of the desired characteristics as possible.  
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CHAPTER 5 EXPERIMENTAL RESULTS AND 
DISCUSSION 
5.1 Introduction 
Detailed results obtained from the experiments described in Chapter 2 are presented and 
discussed to characterise the material behaviour and formability of AA6082 under HFQ 
conditions. Based on the results of the uniaxial tensile tests, the effects of strain rate and 
temperature on the flow stress response are analysed. The deformation of the flat dog-bone 
specimen is not uniform during stretching because a temperature gradient exists in the 
specimen; therefore, the accuracy of strain measurement method is discussed. Strain rate-
dependent and temperature-dependent FLDs of AA6082 under HFQ conditions are presented 
and the effects of strain rate and deformation temperature on forming limit are discussed.  
5.2 Thermo-mechanical properties of AA6082 under hot 
stamping conditions 
5.2.1 Results of temperature distribution 
The temperature distribution, before deformation, in the tensile test was measured for 
different nominal values of temperature using welded-on thermocouples and the results are 
shown in Figure 5.1. All data were measured and averaged at the soaking temperature within 
a certain soaking time of 15 s after the solution heat treatment and cooling processes. Dashed 
lines were obtained by the second-order polynomial fitting algorithm. The temperature 
difference exists at all locations away from the mid-length in the specimen. A temperature 
gradient is evident along the parallel length which exceeds 100°C between that the position 
of T6 (30 mm from the mid-length) and that at the centre point T1.  
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Figure 5.1 Experimental results of temperature distribution in a dog-bone specimen 
Although the parallel length of the designed specimen is 80 mm and deformation can be 
observed within the entire length, the temperature distribution within this length varies 
significantly which results in non-uniform deformation under tension. Therefore, the effective 
gauge length, as shown in Figure 5.2, was defined instead of using the whole parallel length, 
to calculate average values of true strain.  
 
Figure 5.2 The definition of the effective gauge length 
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y = -0.1853x2 + 0.0246x + 535.7
y = -0.1653x2 - 0.0938x + 501.62
y = -0.1365x2 - 0.0077x + 449.85
200
250
300
350
400
450
500
550
0 5 10 15 20 25 30 35 40
T
em
p
er
at
u
re
 (
 C
)
Distance from mid-length (mm)
Temperature 400 °C
Temperature 535 °C
Temperature 500 °C
Temperature 450 °C
Series9
Poly. (Temperature 400 °C)
Poly. (Temperature 535 °C)
Poly. (Temperature 500 °C)
Poly. (Temperature 450 °C)
Effective 
gauge length
7
Parallel length 80 mm
Effective gauge length 14 mm
Deformation
100 
 
It is assumed that a temperature drop of less than 10°C within the effective gauge length is 
acceptable. Temperature differences from the mid-length to the location of T3 (7 mm) are 
shown in Table 5.1 and all are less than 10°C and temperature is assumed to be uniform.  
Engineering stress was calculated by the tensile force obtained from force sensors of the 
Gleeble over cross-sectional area of the specimen. Only the local strains can be obtained from 
the DIC system. Local strains within the effective gauge length were used to calculate 
average values of true strain, which were synchronised with the values of stress to obtain the 
flow stress-strain curves.  
Table 5.1 Temperature differences between the T3 (7 mm) and the centre T1 
Central temperature T1 (°C) 535 500 450 400 
ΔT (°C) 8.77 8.73 6.74 6.37 
 
Using the DIC system, the deformation history of specimens and the full-field strains were 
obtained, as shown in Figure 5.3. In Figure 5.3(a), which shows stages of deformation at the 
temperature of 400°C, 𝑡 is deformation time and 𝑡𝑓 is the final stage before fracture. The full 
fields of axial strain were obtained from the data processing by the optical deformation 
measuring system ARAMIS software, as shown in Figure 5.3(b).  
It can be seen that the deformation in the specimen was not uniform within the parallel length, 
which resulted in heterogeneous axial strain distribution. Therefore, the effect of the defined 
effective gauge on the measured stress-strain curves needs to be analysed.  
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(a) Images of the deformed specimen at various time stages  
 
 
 
(b) The axial strain distribution on the deformed specimen obtained from DIC 
analysis 
Figure 5.3 The deformation of the specimen at different stages, conducted at the strain rate of 
1 /s and the deformation temperature of 400°C 
5.2.2 Flow stress-strain curves 
The flow stress-strain relationships of AA6082 (Batch A) and AA6082 (Batch B) under HFQ 
conditions were obtained from tensile test data and the representative curves under each 
condition for each testing material are shown in Figure 5.4 and Figure 5.5. The results of 
tensile test obtained by using the material (Batch A) were used for the error analysis of strain 
measurement based on the assumption of the effective gauge length of 14 mm. The results of 
uniaxial and biaxial tensile tests obtained by using the material (Batch B) were used for the 
material modelling in Chapter 6.  
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(a) Different temperatures (designated strain rate: 1 /s) 
 
(b) Different strain rates (designated temperature: 450°C) 
Figure 5.4 Experimental flow stress-strain relationships of AA6082 (Batch A) under HFQ 
conditions 
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(a) Different temperatures (designated strain rate: 1 /s) 
 
(b) Different strain rates (designated temperature: 450°C) 
Figure 5.5 Experimental flow stress-strain relationships of AA6082 (Batch B) under HFQ 
conditions 
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Figure 5.4(a) shows a set of true stress-strain curves for AA6082 (Batch A) at the designated 
strain rate of 1 /s. The real values of true strain rate were calculated by the measured data of 
true strain and deformation time were 1.15 /s, 1.38 /s and 1.39 /s for the temperature of 400°C, 
450°C and 500°C, respectively. The average value is 1.31 /s and the variations are negligible. 
Strain hardening and peak flow stress reduce and ductility increases with increase in 
temperature. In Figure 5.4(b), the strain rate dependence of the tensile behaviour of AA6082 
(Batch A) is demonstrated for a deformation temperature of 450°C. The real strain rates for 
each test at the temperature of 450°C were 0.11 /s, 1.38 /s and 3.70 /s. Peak flow stress is 
higher for a higher strain rate and the ductility is highest at the designated strain rate of 1 /s. 
Figure 5.5(a) shows the temperature dependence of the tensile behaviour of AA6082 (Batch 
A) and the real values of true strain rate were 400°C-1.29 /s, 450°C-1.41 /s and 500°C-1.56 /s. 
In Figure 5.5(b), the real strain rates for each test at the temperature of 450°C were 0.17 /s, 
1.41 /s and 3.92 /s. Similar trends of peak stress and ductility can be observed as for those of   
Batch A material.  
5.2.3 Effect of strain rate on flow stress response and ductility 
Higher flow stress with increasing strain rate can be observed, which reveals the strain rate 
sensitivity of viscous stress for the testing material of AA6082. High strain rate sensitivity is 
attributed to an increased rate of thermally activated processes, such as grain boundary 
sliding and dislocation climb [70]. The increase of flow stress with increasing strain mainly 
results from work hardening, which is caused by dislocation accumulation and interaction 
[87]. Due to dynamic and static recovery processes, close to the failure stage, the increasing 
trend is reduced through the annihilation of pairs of dislocations and relaxation of internal 
stresses [91]. Static recovery is related to deformation time. Dislocation density is more 
reduced at a lower strain rate so that working hardening is lower than that at a higher strain 
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rate [121]. Figure 5.6 is a summary of stress values at three true strain levels (0.05, 0.1 and 
0.2) for various designated strain rates at the deformation temperature of 450°C. Power fits, 
which suggest the power law viscoplastic response of both materials, are shown in the figure 
by plotting logarithmic stress verse logarithmic strain rate. It can be seen that the stress level 
of Batch B material at a low strain rate of 0.1 /s is similar as that of the Batch A material but it 
is around 25% higher at a high strain rate of 4 /s, which indicates that the proportions of 
chemical composition in AA6082 has an effect on the material strength. The increase of 
stress with increasing strain rate exhibits the strain rate hardening characteristic and the strain 
rate exponent corresponds to the power exponent in the equations, as shown in Figure 5.6. 
The strain rate hardening exponent is a critical factor influencing the uniformity of 
deformation during forming processes. The Batch B material has a larger power exponent 
than the Batch A material.  
     
Figure 5.6 Flow stress at different strain levels (0.05, 0.1 and 0.2) for different designated 
strain rates at the designated temperature of 450°C 
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Figure 5.7 shows the values of elongation at the testing temperature of 450°C at different 
strain rates. It is not a monotonic increasing trend and the materials have the largest 
elongation at the designated strain rate of 1 /s. The difference between the values of 
elongation under this test condition for the material of AA6082 (Batch A) is 8.7% and that is 
only 3.2% for the material (Batch B).  
 
Figure 5.7 Elongation at the deformation temperature of 450°C at different strain rates 
A similar trend of an increase in ductility at low strain rate and a decrease in ductility at high 
strain rates for the material of AA6082 has been published by other researchers [122, 123]. 
Theoretically, both grain growth and grain boundary sliding/rotation affect ductility to 
different extents at different strain rates, and the results may vary between different alloys.   
Formability does not always correlate with ductility measured in tensile tests, so dedicated 
forming limit tests are necessary to evaluate the property. 
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5.2.4 Effect of temperature on flow stress response and ductility 
The alloy AA6082 has strong temperature sensitivity according to the test results and this is 
typical of most metals since many deformation associated processes are thermally activated. 
Figure 5.8 summarises the flow stress values at various strain levels for deformation 
temperatures of 400°C, 450°C and 500°C by plotting logarithmic stress against inverse 
temperature. The stress values decrease significantly with increasing temperature for the two 
batches. The near rectilinear fit indicates the standard Arrhenius activation energy equation 
enables temperature dependence of flow stress to be described even though a small deviation 
from linearity for materials is observed at the low strain level of 0.05.  
  
Figure 5.8 Flow stress at different strain levels (0.05, 0.1 and 0.2) for different deformation 
temperatures (designated strain rate is 1 /s) 
At elevated temperature, increased thermal vibration of the microstructural lattice enhances 
dislocation mobility, thus lower flow stress is required to overcome activation barriers [70]. 
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Sliding and rotation of grain boundary and microstructural recovery are more activated with 
the increasing temperature, which results in higher ductility [121]. Figure 5.9 shows this 
higher ductility at higher temperature. Over a 100°C temperature range, the difference 
between values of elongation for the material (Batch A) is 10% and 22% for the material 
(Batch B). The material (Batch B) has relatively higher temperature sensitivity than the 
material (Batch A) even though the alloy of both batches is specified as AA6082.  
 
Figure 5.9 Elongation at the designated strain rate of 1 /s for different temperatures 
5.2.5 Error analysis of strain measurement 
5.2.5.1 FE thermo-electrical and thermo-mechanical simulation 
Since a large temperature gradient exists in the specimen overall and an effective gauge 
length was defined to reduce it significantly, an error analysis is necessary to quantify the 
accuracy of the strain measurement method. An FE model developed in ABAQUS using one 
quarter of the specimen coupled with thermo-electrical and thermo-mechanical conditions is 
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shown graphically in Figure 5.10. The simulation was undertaken in two steps, namely 
thermo-electrical simulation and thermo-mechanical simulation. The thermo-electrical FE 
analysis was used to simulate Joule heating and then to calculate the temperature distribution 
in the specimen. The initial temperature of all elements was set to the room temperature of 
20°C. Conduction heat transfer was directed to the clamping area to simulate the heat loss. In 
order to obtain agreement between results computed from FE simulation and experimental 
results, the conduction heat transfer coefficient was defined as 8000 Wm
-2
K
-1
 and the sink 
temperature within the clamping region was defined as 170°C. These two values were 
determined empirically for the best fit of the thermal simulation results to the experimental 
temperature data obtained for selected positions along the gauge section of the specimen and 
the sink temperature was validated by experimental measurements. In order to improve the 
calculation efficiency, the area of concern of the specimen was meshed finely and the size of 
the mesh increased to a coarser one from the mid-length of the specimen to the end. The 
sensitivity of mesh size was investigated first before the simulation by balancing the 
calculation efficiency and errors of simulated results.  
 
Figure 5.10 FE model for one quarter of the specimen coupled with thermo-electrical and 
thermo-mechanical conditions 
Current flow
Conduction heat transfer on 
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A user-defined subroutine UAMP introduced in Chapter 4 was implemented in 
ABAQUS/Standard to control the amplitude value of the current density input to the FE 
model and the parameters in the subroutine is shown in Table 5.2.  
Table 5.2 Values of constant 𝐾𝑖 in the UAMP subroutine for different processes 
 
𝐾1 
(Heating) 
𝐾2 
(Soaking) 
𝐾3 
(Cooling) 
𝐾4 
(Isothermal) 
Values 13.0 5.0 4.5 4.9 
 
When a temperature profile was obtained after the first simulation step, it was imported to the 
explicit thermo-mechanical FE model. This method of analysis was used to simulate the 
deformation of the specimen by using the same geometrical model with the same mesh 
quality as for the thermo-electrical model. Symmetrical boundary conditions were applied 
and the same relationship of time-displacement as in the experimental work was input to the 
FE model. C3D8RT was used as the element type for the thermo-mechanical simulation. 
VUMAT was used in ABAQUS/Explicit as the material model with a set of unified 
constitutive equations and the material constants of equations are shown in Chapter 6.  
5.2.5.2 Results from FE simulations 
The FE computed temperature fields are presented in Figure 5.11. For comparison, symbols 
representing the temperature measured using thermocouples T1, T2, T3, T4, T5 and T6 are 
included. Solid lines represent the computed results by the FE thermo-electrical model. Good 
agreement exists between experimentally measured and computed temperature values; 
therefore, an accurate temperature field was simulated in the FE model.  
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Figure 5.11 Comparison of temperature distributions from FE computed (solid curves) and 
experimental (symbols) results 
Tensile test simulations were performed for a range of temperatures (400-500°C) and strain 
rates (0.1-4 /s) in order to investigate their effects on the flow stress of the alloy. 
Comparisons of numerically with experimentally derived true stress-true strain curves at 
different temperatures and different strain rates are shown in Figure 5.12, based on the same 
assumption of an effective gauge length of 14 mm.  
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(a) Different temperatures (strain rate is 1 /s)  
 
(b) Different strain rates (deformation temperature is 400°C) 
Figure 5.12 Comparison of experimental (symbols) and FE predicted (solid lines) true stress-
true strain curves at different testing temperatures and strain rates 
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There is significant disagreement between experimental and computed results on strain to 
failure. It is considered that this could be due to the fact that the material constants in the 
constitutive equations were calibrated by assuming uniform temperature within the gauge 
length area; however, a temperature gradient exists in reality and deformation within gauge 
length is not uniform from beginning. This causes the numerical results to have lower values 
of strain to failure and localised necking to occur earlier. Good agreement between flow 
stress level at different strain rates and temperatures except for the one at the strain rate of 4/s 
can be observed, which shows that the FE model with the user-defined subroutine can be 
used to predict material flow stress response during deformation. The temperature of the 
specimen perhaps has a slight rise during the experimental plastic deformation at a high 
tensile strain rate of 4 /s caused by generated internal energy [124]. This causes the strength 
of the material to be slightly lower than that at designed temperatures. Since this is not a 
significant factor for the simulation according to previous research [124], the FE model did 
not take this factor into account to simply the simulation, which could be the reason that the 
stress level of the simulation result is relatively higher that the experimental result at the 
strain rate of 4 /s.  
5.2.5.3 Accuracy of axial strain measurement 
The measurement of local axial strain from the DIC system is accurate regardless of the 
intended value of effective gauge length used to calculate average effective true strain. The 
local axial strain should be uniform and consistent in the specimen for isothermal uniaxial 
tension. In order to compare the results of experimentally measured and FE computed axial 
strain, the time scales of both forms of deformation are normalised to 1.0 by defining the final 
stage of the tension as 𝑡𝑓 when the severe width reduction in the specimen occurs. Figure 
5.13 shows a comparison of experimental and FE calculated axial strains at the T1 (mid-
length) and T3 (7 mm from mid-length) points of the specimen.  
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(a) Temperature is 400°C (strain rate is 1 /s) 
 
(b) Temperature is 500°C (strain rate is 1 /s) 
Figure 5.13 Comparison of experimental (symbols) and FE calculated (solid curves) axial 
strains at the centre and the location T3 (7 mm from mid-length) of the specimen 
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It can be observed that the local axial strain is not uniform along the gauge length because of 
the temperature gradient in the specimen. The difference increases with the accumulation of 
tensile strain. A higher strain level at the centre which increases with time can be observed 
using the DIC system compared to the FE simulated result, but good agreement can be found 
at the T3 point which is the end of the chosen effective gauge length. The overall 
consequence is that the average value of effective true strain measured by DIC within the 
effective gauge length to be higher than which the FE model predicts (see Figure 5.12). The 
non-uniformity of axial strain distribution in the gauge length region is higher when the 
deformation of the specimen is at higher temperature since the temperature gradient is larger 
according to the measured results of temperature, as shown in Table 5.1.  
Figure 5.14(a) shows the local axial strain distribution at different stages of deformation 
when the specimen was deformed at 400°C and strain rate of 1 /s. It clearly shows good 
agreement between the computed and experimental results when the deformation time is less 
than 65%; that is before severe localised necking occurs. Severe localised necking is hard to 
simulate in this FE model because of element distortions.  
Figure 5.14(b) shows the ratio of local axial strain and average strain within effective gauge 
length at 50% deformation. Axial local strain variation is relatively smooth with no 
discontinuities showing no severe localised deformation affects the average value of strain. 
The results and analysis presented above show that the FE simulation model and constitutive 
equations are valid for predicting deformation characteristics up to the stage of severe 
localised necking (65% of final deformation).  
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(a) Local axial strain distribution at different stages of deformation 
 
(b) The ratio of local axial strain and the average value along gauge length 
Figure 5.14 Local axial strain distribution along the gauge length at different stages of 
deformation at the deformation temperature of 400°C and designated strain rate of 1 /s 
(experimental results–symbols and FE simulated results–solid curves)  
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5.2.5.4 Analysis of strain gradient 
 
(a) Strain rate is 1 /s (temperature is 400°C) 
 
(b) Strain rate is 0.1 /s (temperature is 400°C) 
Figure 5.15 Variation of strain gradient along the gauge length at different stages of 
deformation at the deformation temperature of 400°C at the strain rates of 0.1 /s and 1 /s 
(Vertical dash lines represent the position of the chosen effective gauge length) 
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A strain gradient 
𝜕𝜀
𝜕𝑥
 (x is the axial distance from the mid-point in the specimen) was 
calculated along the gauge length of the specimen in the FE simulation and plotted in Figure 
5.15. For isothermal uniaxial tension before necking arises, 
𝜕𝜀
𝜕𝑥
= 0 . With a temperature 
gradient, a strain gradient arises in the specimen, which causes non-uniform deformation. The 
average value of  
𝜕𝜀
𝜕𝑥
 within a certain gauge length should be minimized. Within the assumed 
effective gauge length of 14mm, the strain gradient increases to the peak value and decreases 
rapidly. The peak value of  
𝜕𝜀
𝜕𝑥
 is around 0.035 and the average value of  
𝜕𝜀
𝜕𝑥
  within the 
effective gauge length at the time step 𝑡 𝑡𝑓⁄  of 0.8 is around 0.022. The non-zero value 
quantified the error caused by temperature gradient within gauge length section.  
5.2.5.5 Analysis of axial stress 
Local axial stress values along the gauge length from the FE model can be used to investigate 
axial stress distribution, which cannot be done experimentally. The average true stress 𝜎𝐴 
within effective gauge length was calculated based on the values of average engineering 
stress (tensile force over cross-sectional area) and average engineering strain over the 
effective gauge length. For isothermal uniaxial tension before necking arises, 𝜎1 𝜎𝐴 =⁄  1.0. 
The ratio of local axial stress and average true stress (𝜎1 𝜎𝐴⁄ ) is plotted in Figure 5.16. The 
value of this ratio is close to 1.0 during the initial deformation, but large deviations can be 
observed with the increasing deformation. The value of the ratio decreases away from the 
central point of the specimen and it reaches the value of 1.0 at 4 mm. The average value of 
𝜎1 𝜎𝐴⁄  is very close to 1.0 within the half of effective gauge length of 7 mm, which results in 
the variation in local stress having little effect on the accuracy of calculation of stress-strain 
relations. A larger or smaller value of the assumed effective gauge length would cause a 
larger error of the value of 𝜎1 𝜎𝐴⁄ .   
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(a) Strain rate is 1 /s (deformation temperature is 400°C) 
 
(b) Strain rate is 0.1 /s (deformation temperature is 400°C) 
Figure 5.16 The ratio of local axial stress and average effective stress (𝜎1 𝜎𝐴⁄ ) along the 
gauge length at different stages of deformation at the deformation temperature of 400°C and 
the strain rates of 0.1 /s and 1 /s (Vertical dash lines represent the effective gauge length) 
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5.2.5.6 Summary  
The choice of effective gauge length of 14mm, leads to temperature difference within it of 
less than 9°C. A coupled thermo-electrical and thermo-mechanical FE simulation of the 
tensile tests, integrating a feedback algorithm simulating current input (UAMP) used for 
specimen resistance heating and a calibrated user-defined material subroutine (VUMAT), 
was used to investigate the strain variations and analyse strain measurement errors. The FE 
simulation model was verified to be accurate before localised necking occurs. The error of 
the strain measurement was investigated and quantified by calculating strain gradient and 
axial stress within the gauge length. This analysis method is novel and it can be applied to the 
all hot uniaxial tensile tests for metals.   
5.3 FLD of AA6082 under hot stamping conditions 
5.3.1 Linearity of strain paths 
Since strain-based FLDs are highly strain path dependent, the linearity of strain path for each 
test condition was verified by analysing the DIC results. Representative strain paths are 
shown in Figure 5.17. The data was collected from the fracture region instead of the central 
point of the specimen through the DIC results and at least 5 points were chosen to calculate 
the average values of major strain and minor strain. The linear fits are also shown in this 
figure. The range of the ratio of minor strain to major strain is approximately from -0.37 
(uniaxial condition) to 0.26 (near equi-biaxial condition). The equi-biaxial condition is 
difficult to achieve experimentally because of non-uniformity of temperature distribution on 
the specimen. It can be seen that the strain paths are approximately proportional throughout 
deformation for each test condition, so that strain path linearity was achieved. 
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Figure 5.17 Evolution of strain paths for various testing conditions 
5.3.2 FLD of AA6082 at HFQ conditions 
5.3.2.1 The determination of forming limit 
In order to define the onset of unstable necking, the ISO standard [44], was used to determine 
forming limits. This method had already been integrated in the ARAMIS system. Three 
virtual section lines with a distance of 2 mm are created perpendicular to the crack within the 
gauge region in ARAMIS and major strain and minor strain values are derived from these 
section lines. An inverse parabola is fitted through two fit windows on both sides of the crack. 
The two fitting windows are determined by using the second derivative of the strain values 
against the corresponding positions. The peak points of the fitted curve were used as the 
major strain and minor strain of forming limits. Figure 5.18 illustrates an example of the ISO 
section based method to determine forming limits.  
Different time dependent algorithms, such as correlation coefficient [125], gliding correlation 
coefficient, linear best fit [126] and gliding difference of mean to median, have also been 
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proposed to improve the accuracy of necking prediction based on the analysis of time-
dependent deformation history. The linear best fit method, analysing the thinning rate of the 
material within a local region where the unstable necking will occur, shows a good accurate 
evaluation according to the research conducted by Hotz et al. [127]. However, all these 
methods described above are applicable to formability tests at normal room temperature and 
have not been standardised for elevated temperatures. The ISO standard method, graphically 
shown in Figure 5.18, was used to determine forming limits and the last image before failure 
taken by the high-speed camera was chosen to create virtual sections in ARAMIS to collect 
values of principle strain for subsequent analysis.   
 
Figure 5.18 Schematics of the ISO section based method for determining forming limits 
5.3.2.2 FLD of AA6082 
By processing data for different geometries of AA6082 machined from the material (Batch B), 
forming limit data for different strain paths were determined and hence the FLDs for HFQ 
conditions were obtained through curve fitting and are shown in Figure 5.19.  
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(a) FLD for different strain rates at 400°C 
 
(b) FLD for different temperatures at 0.1 /s 
Figure 5.19 FLDs of AA6082 at different strain rates and different temperatures under HFQ 
conditions 
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Dashed lines were obtained through the polynomial fitting algorithm. The real values of 
strain rates calculated by the measured data of true strain and deformation time are 0.02 /s, 
0.11 /s and 0.8 /s. The variation of these values for different strain paths is negligible. It is 
found that when the strain rate increases from the designated strain rate of 0.01 /s to 1 /s, the 
forming limit of AA6082 increases. The forming limit has a larger increase from 0.1 /s to 1 /s 
than that from 0.01 /s to 1 /s, as shown in Figure 5.19(a). In Figure 5.19(b), a monotonic 
increase is observed in forming limit from the temperature of 370°C to 510°C. It indicates 
that high formability of AA6082 can be obtained at a higher temperature under HFQ 
conditions. The three FLCs are quite close to each other on the left side of the FLD, which 
means that the sensitivity of temperature dependence is larger for tension-tension biaxial 
strain paths than for tension-compression strain paths. In summary, higher forming speeds 
and higher temperatures within the designated ranges are beneficial for enhancing the 
forming limits of AA6082 under HFQ conditions. 
5.3.3 Effects of strain rate and temperature on forming limit 
According to the plotted FLDs in Figure 5.19, the formability of AA6082 increases with the 
increasing strain rate and the increasing temperature. The material exhibits high strain rate 
dependence and temperature dependence and the high values of major strain in the FLCs 
indicated that AA6082 has good formability under HFQ conditions.  
Based on the analysis of uniaxial testing results, strain rate hardening is enhanced at high 
strain rates and elongation to failure increases with increasing strain rate. Strain hardening 
increases with increasing strain rate, which can be beneficial to the uniformity of material 
flow and stress transfer, therefore reducing the tendency to localised necking and hence 
higher forming limits can be obtained. Overall, high strain hardening and high ductility at 
high testing strain rate enable to improve the formability of AA6082 under HFQ conditions. 
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According to the results of uniaxial tensile tests, when temperature increases from 370°C to 
510°C, the flow stress of AA6082 decreases with a corresponding increase in the elongation 
to failure. It has high ductility at 510°C which can postpone localised deformation, and 
benefit formability. However, strain hardening decreases with increasing temperature and at 
510°C it is much lower than that at 370°C. High strain hardening at low temperature is 
beneficial to high formability since it results in less tendency to localised necking and thus 
results in higher formability. Nevertheless, higher forming limits can be observed at higher 
temperatures, which indicates that elongation to failure is the more sensitive factor when the 
temperature varies between different formability tests.  
5.4 Summary 
The thermo-mechanical properties of AA6082 have been characterised and the effects of 
strain rate and deformation temperature on the deformation behaviour of this material have 
been rationalised. Errors of the proposed strain measurement method have been discussed 
and quantified by using an FE model coupled with thermo-electrical and thermo-mechanical 
conditions in ABAQUS. FLDs of AA6082 under HFQ conditions were obtained by the novel 
biaxial testing system and the effects of strain rate and deformation temperature on forming 
limits have been discussed. The results of uniaxial and biaxial testing achieved in this chapter 
are used for materials modelling in Chapter 6. 
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CHAPTER 6 DEVELOPMENT OF VISCOPLASTIC 
DAMAGE CONSTITUTIVE EQUATIONS FOR HOT 
STAMPING APPLICATIONS 
6.1 Introduction 
A set of unified uniaxial viscoplastic damage constitutive equations and two sets of multi-
axial viscoplastic damage constitutive equations for describing hot stamping of metals, such 
as aluminium alloys, are formulated. The effects of each variable in the damage evolution 
equations on the predicted results are discussed. Based on the experimental results of uniaxial 
and biaxial testing presented and analysed in Chapter 5, material constants in the constitutive 
equations are determined for AA6082 at specified deformation temperatures and strain rates. 
6.2 Development of unified uniaxial viscoplastic damage 
constitutive equations 
6.2.1 Formulation of unified constitutive equations 
The viscoplastic-damage constitutive equations introduced in Section 2.4 are adopted to 
model the thermo-mechanical response of AA6082 under HFQ conditions. The formulations 
of the unified constitutive equations, which are proposed and developed, based on the 
mechanisms of dislocation-driven evolution processes, such as work hardening, static and 
dynamic recovery and plasticity-induced ductile damage, are listed below. They model time-
dependent phenomena, including strain rate effects, recovery and damage evolution. An 
Arrhenius-type equation is used to formulate temperature dependent parameters in the 
equations.  
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 𝜀?̇? = (
|
𝜎
1 − 𝜔| − 𝑅 − 𝑘
𝐾
)
𝑛1
 (6.1) 
                   ?̇? = 0.5𝐵?̅?−0.5?̇̅? (6.2) 
 ?̇̅? = 𝐴(1 − ?̅?)|𝜀?̇?| − 𝐶?̅?
𝑛2 (6.3) 
 ?̇? =
𝜂1
(1 − 𝜔)𝜂3
(𝜀?̇?)
𝜂2 (6.4) 
 𝜎 = 𝐸(1 − 𝜔)(𝜀𝑇 − 𝜀𝑃) (6.5) 
where the temperature dependent parameters are defined by: 
 𝐾 = 𝐾0exp (
𝑄𝐾
𝑅𝑔𝑇
) (6.6) 
 𝑘 = 𝑘0exp (
𝑄𝑘
𝑅𝑔𝑇
) (6.7) 
 𝑛1 = 𝑛10exp (
𝑄𝑛1
𝑅𝑔𝑇
) (6.8) 
  𝐵 = 𝐵0exp (
𝑄𝐵
𝑅𝑔𝑇
) (6.9) 
 𝐶 = 𝐶0exp (−
𝑄𝐶
𝑅𝑔𝑇
) (6.10) 
 𝜂1 = 𝜂10exp (−
𝑄𝜂1
𝑅𝑔𝑇
) (6.11) 
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 𝜂2 = 𝜂20exp (
𝑄𝜂2
𝑅𝑔𝑇
) (6.12) 
 𝜂3 = 𝜂30exp (
𝑄𝜂3
𝑅𝑔𝑇
) (6.13) 
 𝐸 = 𝐸0exp (
𝑄𝐸
𝑅𝑔𝑇
) (6.14) 
where Rg is the universal gas constant, T is the absolute temperature. 𝐴, 𝑛2, 𝐾0, 𝑘0, 𝑛10, 𝐵0, 
𝐶0, 𝜂10 , 𝜂20 , 𝜂30 , 𝐸0, 𝑄𝐾, 𝑄𝑘, 𝑄𝑛1, 𝑄𝐵, 𝑄𝐶 , 𝑄𝜂1, 𝑄𝜂2, 𝑄𝜂3 and 𝑄𝐸  are material constants to be 
determined from experimental data. 
Equation (6.1) is the flow rule, in which plastic strain rate 𝜀?̇? is formulated by using the 
traditional power law with damage 𝜔 taken into account. The initial yield point is k and R 
represents the isotropic hardening. Isotropic hardening 𝑅 in Equation (6.2) is a function of the 
normalized dislocation density ?̅? (?̅? = 1 − 𝜌0 𝜌⁄ , where 𝜌0 is the initial dislocation density 
and 𝜌  is the instantaneous dislocation density during deformation), where ?̅?  is given by 
Equation (6.3) [128]. Equation (6.3) represents the accumulation of dislocations due to plastic 
flow and dynamic and static recovery. The damage evolution 𝜔 in Equation (6.4) used for 
AA6082 was based on the growth and nucleation of voids around particles. It is a modified 
version of the expression set out by Khaleel et al. [128] for damage due to superplastic void 
growth, which is appropriate for this case where the fine grained alloy is deformed by a 
significant amount at high temperature [17]. The flow stress equation was modified to include 
the effect of damage in Equation (6.5). This set of non-linear ordinary differential equations 
can be solved with the numerical Euler integration method by giving initial values for the 
variables. 
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6.2.2 Determination of the equations  
Material constants within the equations can be determined by fitting the computed true stress-
true strain curves to corresponding experimental data obtained from uniaxial tension testing 
at different deformation temperatures and strain rates after heating and cooling. Two sets of 
values were calibrated for the materials of AA6082 (Batch A) and AA6082 (Batch B), 
respectively. The trial and error method was adopted based on the physical meaning of each 
state variable and material constant.  
The first step of the fitting procedure was to determine Equations (6.1)-(6.5) by taking the 
temperature dependent parameters as constants for fitting to computed true stress-true strain 
curves obtained for different strain rates at a deformation temperature of 450°C. All the 
values obtained from the first step were retained in the second step and only the temperature 
dependent parameters were adjusted. This step was to determine the pre-exponent and 
activation energy associated constants in Equations (6.6)-(6.14) by fitting the true stress-true 
strain curves for different deformation temperatures of 400-500°C at a designated strain rate 
of 1 /s. In the fitting process, real true strain rates calculated from experimental data at each 
test condition, instead of designated values, were used in the numerical integration code. The 
fitted results of material constants may not be unique after the two steps using the trial and 
error method. Therefore, the remaining experimental stress-strain curves at other conditions 
were used for further validation until the best fitted results of material constants were found.  
The range of potential values for the constants was chosen based on their physical meanings 
and previous experience. The zero value of damage 𝜔  represents the initial state of 
deformation. The ω value of 0.7 was taken as the criterion for the material failure in order to 
improve the computation efficiency. It is not used to model a particular damage mechanism 
of the material but to be considered as an overall effect on the material during the forming 
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process since the dominant damage mechanism may change during one specific forming 
process [129]. The values of Young’s modulus 𝐸 at various temperatures were obtained from 
a materials handbook [130] so that the values of 𝐸0 and 𝑄𝐸 can be determined.  
The calibrated material constants for AA6082 (Batch A) and AA6082 (Batch B) under HFQ 
conditions are listed in Table 6.1. It is stressed that the determination of material constants 
was based on an assumption of uniform temperature distribution within the effective gauge 
section in the specimen. A comparison between the stress-strain behaviour predicted by the 
material model and that obtained from the tensile tests under HFQ conditions are shown in 
Figure 6.1 and Figure 6.2, respectively.  
Table 6.1 Material constants for equations (6.1)-(6.14) for AA6082 under HFQ conditions 
 𝐾0  
(MPa) 
𝑘0 
(MPa) 
𝑛01 
  
𝐵0 
(MPa) 
𝐶0  
 
𝜂10 𝜂20  
Batch A 0.0830 6.8348 0.9624 9.4004 7.3057 2.4577 0.8357 
Batch B 0.3624 0.5897 0.1018 4.8251 7.3057 2.4577 0.8357 
 𝜂30 𝐸0 
(MPa) 
𝐴  
 
𝑛2  
 
𝑄𝐾 
(J/mol) 
𝑄𝑘  
 (J/mol) 
𝑄𝑛1  
(J/mol) 
Batch A 0.2589 249.69 0.19 1.83 33488.79 5562.73 5296.43 
Batch B 0.2423 249.69 0.19 1.83 25409.54 21692.97 17637.07 
 𝑄𝐵 
(J/mol) 
𝑄𝐶  
(J/mol) 
𝑄𝜂1  
(J/mol) 
𝑄𝜂2  
(J/mol) 
𝑄𝜂3  
(J/mol) 
𝑄𝐸  
(J/mol) 
𝑅  
(J/(molK)) 
Batch A 11967.17 2112.59 16237.24 837.80 20770.87 27987.42 8.314 
Batch B 15698.86 2112.59 16273.24 837.80 22107.92 27987.42 8.314 
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(a) Different temperatures (designated strain rate is 1 /s) 
 
(b) Different strain rates (temperature is 450°C) 
Figure 6.1 Comparison of experimental (symbols) and numerical integrated (solid curves) 
true stress-true strain curves of AA6082 (Batch A) at various temperatures and strain rates 
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(a) Different temperatures (designated strain rate is 1 /s) 
 
(b) Different strain rates (temperature is 450°C) 
Figure 6.2 Comparison of experimental (symbols) and numerical integrated (solid curves) 
true stress-true strain curves of AA6082 (Batch B) at various temperatures and strain rates 
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Good agreement has been obtained for both Batch A and Batch B of AA6082 for all test 
conditions. This indicates that the thermal-activated mechanisms described by Arrhenius’ law 
are applicable for AA6082 at elevated forming temperatures. A noticeable error of the 
predicted ductility can be seen for the results at the designated strain rate of 4 /s. This is 
because the trend of ductility obtained experimentally is not monotonic increasing at different 
strain rates and an increasing trend with increasing strain rate was described by the simplified 
model. The results of testing for determining forming limit will be used to further calibrate 
the multi-axial materials model in the following sections. 
6.3 Development of unified multi-axial viscoplastic damage 
constitutive equations 
6.3.1 Plane stress-based CDM materials model 
6.3.1.1 Constitutive equations 
In order to predict an FLD of sheet metals under hot stamping conditions, a general multi-
axial CDM-based materials model, comprising a set of equations describing viscoplastic 
behaviour, is developed for the plane stress state. These power law viscoplastic equations are 
expected to capture the features of forming limit curves of sheet metals under various thermo-
mechanical conditions. 
For an isotropic material, the von-Mises stress can be defined as: 
 𝜎𝑒 = (
2
3
𝑆𝑖𝑗𝑆𝑖𝑗)
1 2⁄
 (6.15) 
where 𝑆𝑖𝑗 is the deviatoric stress component (hydrostatic stress is 𝜎𝑘𝑘/3): 
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  𝑆𝑖𝑗 = 𝜎𝑖𝑗 − 𝜎𝑘𝑘𝛿𝑖𝑗/3 (6.16) 
where 𝜎𝑖𝑗 is stress tensor and 𝛿𝑖𝑗 is the Kronecker delta. By considering von-Mises behaviour 
for rigid perfect viscoplasticity and ignore work hardening and initial yield, a power-law 
viscoplastic potential function can be defined in the form of [85]: 
 𝜓 =
𝐾
𝑛 + 1
(
𝜎𝑒
𝐾
)
𝑛+1
 (6.17) 
where 𝐾  and 𝑛  are material constants. The following expression can be obtained by 
differentiating the Equation (6.17) in terms of the deviatoric stress: 
 𝜀?̇?𝑗
𝑃 =
𝜕𝜓
𝜕𝑆𝑖𝑗
=
3
2
𝜕𝜓
𝜕𝜎𝑒
𝑆𝑖𝑗
𝜎𝑒
=
3
2
𝑆𝑖𝑗
𝜎𝑒
(
𝜎𝑒
𝐾
)
𝑛
=
3
2
𝑆𝑖𝑗
𝜎𝑒
𝜀?̇? (6.18) 
where 𝜀?̇? is effective plastic strain rate, which is introduced previously. 
In metal forming processes, stress states of deformation are complicated. Stress state will 
vary depending on forming conditions and process and it can vary from one region to another. 
A stress state may be characterised as comprising principal stresses, hydrostatic stress, which 
does not affect plastic deformation, and deviatoric stress which is associated with plastic 
deformation. A particular characterisation can be used to assess the form of deformation 
arising under different loading conditions, such as simple tension, compression and plane 
strain [85].    
In order to describe the effects of stress states on the damage evolution of a material, stress 
state dependent damage evolution equations are proposed for alloys under HFQ forming 
conditions. The set of multi-axial viscoplastic constitutive equations are listed below: 
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 𝜀?̇? = (
|
𝜎𝑒
1 − 𝜔| − 𝑅 − 𝑘
𝐾
)
𝑛1
 (6.19) 
 𝜀?̇?𝑗
𝑃 =
3
2
𝑆𝑖𝑗
𝜎𝑒
𝜀?̇? (6.20) 
 ?̇? = 0.5𝐵?̅?−0.5?̇̅? (6.21) 
 ?̇̅? = 𝐴(1 − ?̅?)|𝜀?̇?| − 𝐶?̅?
𝑛2 (6.22) 
 𝜎𝑖𝑗 = (1 − 𝜔)𝐷𝑖𝑗𝑘𝑙(𝜀𝑖𝑗 − 𝜀𝑖𝑗
𝑃 ) (6.23) 
 ?̇? =
𝛥
(𝛼1 + 𝛼2 + 𝛼3)𝜑
(
𝛼1𝜎1 + 3𝛼2𝜎𝐻 + 𝛼3𝜎𝑒
𝜎𝑒
)
𝜑 𝜂1
(1 − 𝜔)𝜂3
(𝜀?̇?)
𝜂2 (6.24) 
where 𝐷𝑖𝑗𝑘𝑙 is the elastic matrix of a material in Equation (6.23), 𝜎1 is the maximum principal 
stress, 𝜎𝐻 is hydrostatic stress, 𝜎𝑒 is effective stress, 𝐾, 𝑘, 𝑛1, 𝐵, 𝐴, 𝑛2, 𝐶, 𝜂1, 𝜂2, 𝜂3, 𝛥, 𝛼1, 
𝛼2, 𝛼3 and 𝜑 are material constants. Based on the fitting results shown in Section 6.2.2, only 
5 material constants left to be determined, namely 𝛥, 𝛼1, 𝛼2, 𝛼3 and 𝜑.  
In Equation (6.24), 𝛼1 , 𝛼2  and 𝛼3  are weighting parameters to control the effects of the 
maximum principal stress 𝜎1, hydrostatic stress 𝜎𝐻 and effective stress 𝜎𝑒, respectively. The 
values of 𝛼1 and 𝛼3 are suggested to be in the range of 0 to 1.0 and the value of 𝛼2 ranges 
from -1.0 to 1.0. The minus value of 𝛼2 can model the negative effect on the process of 
compressive forming. Any values of 𝛼1, 𝛼2 and 𝛼3 could be set to zero for modelling the 
behaviour of various metals, which means that the corresponding stress term does not 
contribute to damage during sheet metal deformation.  The effects of these three parameters 
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on the predicted results of FLD are discussed in the following sections. 𝛥 is a correction 
factor to adjust the global position of a curve in an FLD. It is a strain rate dependent and also 
temperature dependent parameter: 
 𝛥 = 𝛥11 exp (
𝛥12
𝑇
) + 𝛥21 exp(𝛥22𝜀?̇?) (6.25) 
where 𝛥11, 𝛥12, 𝛥21 and 𝛥22 are material constants, 𝑇 is the absolute temperature, 𝜀?̇?  is the 
effective strain rate. The damage rate exponent 𝜑  is introduced in this equation to 
mathematically control the profile shape of an FLC. It is a temperature dependent parameter: 
 𝜑 = 𝜑11 exp (−
𝜑12
𝑇
) (6.26) 
where 𝜑11 and 𝜑12 are material constants, 𝑇 is the absolute temperature. 
The material constants in Equation (6.24) are determined by fitting the computed FLD to 
experimental results obtained using the novel biaxial tensile testing system. The trial and 
error method was adopted. Since a forming limit curve represents the onset of localised 
necking, instead of strain to failure, the value of damage is assumed to be 0.3 when the onset 
of necking occurs. This assumption has no physical base but is chosen from previous fitting 
experience. It has an effect on the mathematical values of other material constants but not a 
large effect on the predicted results. The ratio of minor strain 𝜀2 to major strain 𝜀1 is defined 
as: 
 𝛽 =
𝜀2
𝜀1
 (6.27) 
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The range of 𝛽 ratio is from -0.5 (uniaxial tension) to 0 (plane strain condition) to 1.0 (equi-
biaxial stretching).  
6.3.1.2 Effect of the correction factor 
Figure 6.3 shows the effect of the correction factor 𝛥 on the position of an FLC. When the 
value of 𝛥 varies from 0.5 to 2.0 with fixed other parameters (𝜑, 𝛼1, 𝛼2 and 𝛼3), the location 
of an FLC becomes lower but no significant changes of shape are observed. The coverage 
range of the values of forming limit under each strain path becomes larger and the lowest 
point of the curve moves towards the left hand side of the FLD when a lower value of  𝛥 is 
adopted in the damage evolution equation.  
 
Figure 6.3 The effect of the correction factor 𝛥 on the predicted FLC at the deformation 
temperature of 440°C and the strain rate of 0.1 /s (𝜑=5.6, 𝛼1=0.45, 𝛼2=-0.065, 𝛼3=0.055) 
The values of forming limit may vary depending on the particular experimental test method 
used. Therefore, 𝛥 is also considered as a correction factor to adjust the predicted results to 
enable fitting of computed and experimentally determined data.  
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6.3.1.3 Effects of stress states 
Three stress state parameters, namely the maximum principal stress, hydrostatic stress and the 
effective stress, are introduced in the damage evolution Equation (6.24). The framework of 
damage evolution is related to multi-axial state of stress loading conditions. Damage 
mechanisms are complicated from one region to another in the material and they also vary 
between material, forming processes and conditions. Although these stress states are 
introduced in the equation, this is not used to model the specified damage mechanisms under 
plastic deformation conditions but to model an overall effect on the damage evolution.  
 
Figure 6.4 The effect of the maximum principle stress parameter 𝛼1 on the predicted FLC at 
the deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥=1.35, 𝜑=5.6, 𝛼2=-0.065, 
𝛼3=0.055) 
Figure 6.4 shows the effect of the maximum principal stress on the profile shape of an FLC 
with a variation of 𝛼1  and fixed values of all other material constants at the deformation 
temperature of 440°C and strain rate of 0.1 /s. It can be seen that the values of forming limits 
under the uniaxial strain path (𝛽=-0.5) remains the same when the value of 𝛼1 varies from 0.5 
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to 2.0. The level of a predicted FLC differs less than 15% when the value of 𝛼1 changes from 
1.0 to 2.0. Generally for metals, the values of forming limit obtained under the biaxial 
straining state are lower than that obtained under the uniaxial straining state. Therefore the 
range of 0-1.0 for the value of 𝛼1 is applicable for metallic materials in most cases. The 
lowest point of an FLC is changed and values of forming limit on the right hand side of the 
FLD reduce with an increasing value of 𝛼1, which shows that the shape of an FLC can be 
changed by adjusting this parameter to capture the feature of an FLC obtained from various 
experimental testing.  
Figure 6.5 and Figure 6.6 show the effects of hydrostatic stress and the effective stress on the 
shape of an FLC, respectively, under the condition of deformation temperature of 440°C and 
strain rate of 0.1 /s.  
 
Figure 6.5 The effect of the hydrostatic stress parameter 𝛼2 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥=1.35, 𝜑=5.6, 𝛼1=0.45, 
𝛼3=0.055) 
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Figure 6.6 The effect of the effective stress parameter 𝛼3 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥=1.35, 𝜑=5.6, 𝛼1=0.45,  
𝛼2=-0.065) 
𝛼2  is a very sensitive parameter to model the effect of hydrostatic stress and it enables 
significant change of shape of an FLC on the right hand side of the FLD with a slight 
variation of the value, as shown in Figure 6.5. The position of the lowest point under plane 
strain state (𝛽=0) can also be adjusted by varying the value of 𝛼2. The negative value of 𝛼2 
can postpone the damage evolution, which results in a high value of forming limit on the 
right hand of an FLD.    
The parameter 𝛼3 can be used to modify the effect of the effective stress on damage evolution. 
The curvature of an FLC is altered significantly when the value of 𝛼3 varies from 0.5 to 1.0, 
as shown in Figure 6.6.  An almost rectilinear curve is obtained when the value of 𝛼3 equals 
1.0, which indicates that a high value of 𝛼3  can speed up the damage evolution on the 
prediction of the right hand side of an FLD.  
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6.3.1.4 Effect of the damage rate exponent 
Figure 6.7 shows the effect of the damage rate exponent 𝜑 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s. Exponent  𝜑 is the main 
parameter to control the shape of an FLC and a wide range of 𝜑 values is able to use in order 
to fit mathematically different types of curves in an FLD obtained from experimental data. 
According to the computed results in Figure 6.7, the shape of an FLC changes dramatically 
when the value of 𝜑 varies from 2.0 to 10.0. A parabolic shape of an FLC can be modelled 
with a high value of 𝜑. Two intersection points can be observed at 𝛽=-0.5 and 𝛽=0.3 with 
fixed parameters of 𝛥, 𝛼1, 𝛼2 and 𝛼3 at specified values. 
 
Figure 6.7 The effect of damage rate exponent 𝜑 on the predicted FLC at the deformation 
temperature of 440°C and the strain rate of 0.1 /s (𝛥=1.35, 𝛼1=0.45, 𝛼2=-0.065, 𝛼3=0.055) 
6.3.2 Strain-based CDM materials model 
6.3.2.1 Constitutive equations 
A typical FLC is the plot of minor strain and major strain under different strain paths. In 
order to describe the effects of strain states on the damage evolution of a material, a principal 
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strain dependent damage evolution equation is proposed for the material of alloys under HFQ 
forming conditions. For this set of multi-axial viscoplastic constitutive equations, the flow 
rule, working hardening and dislocation density evolution law remain the same as Equations 
(6.19)-(6.23). A new equation is proposed to replace Equation (6.24) in order to describe the 
effects of principal strains on the damage evolution: 
 ?̇? = [
𝛥∗
(𝜇1 − 0.5𝜇2)𝜙
] (
𝜇1𝜀1 + 𝜇2𝜀2
𝛾 + 𝜀𝑃
)
𝜙 𝜂1
(1 − 𝜔)𝜂3
(𝜀?̇?)
𝜂2 (6.28) 
where 𝜇2 is a material constant, 𝛾 is a constant which is set to a small value of 0.0035 to 
avoid zero denominator during the integration of this set of equations, 𝜂1 , 𝜂2  and  𝜂3  are 
temperature dependent parameters, shown in Equation (6.11)-(6.13), 𝜇1  and 𝜙  are also 
defined as temperature dependent parameters, shown in Equation (6.29)-(6.30), 𝛥∗  is a 
temperature and also strain rate dependent parameter, presented in Equation (6.31).  
 𝜇1 = 𝜇11exp (−
𝜇12
𝑇
) (6.29) 
 𝜙 = 𝜙11exp (−
𝜙12
𝑇
) (6.30) 
 𝛥∗ = 𝛥11
∗ exp (
𝛥12
∗
𝑇
) + 𝛥21
∗ exp(𝛥22
∗ 𝜀?̇?) (6.31) 
where 𝜇11, 𝜇12, 𝜙11, 𝜙12, 𝛥11
∗ , 𝛥12
∗ , 𝛥21
∗ , 𝛥22
∗  are material constants needed to be determined 
using experimental data from formability tests, 𝑇  is the absolute temperature, 𝜀?̇?  is the 
effective strain rate calculated from experimental data. 
The parameters 𝜇1and 𝜇2 are used to calibrate the effects of major strain and minor strain on 
the damage evolution. The values of 𝜇1and 𝜇2 are suggested to be in the range of 0-1.0. 𝜙 is 
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introduced in Equation (6.28) to control the intensity of the effects of principal strains on the 
damage evolution, thus to control the predicted FLD of the material.  
6.3.2.2 Effect of the correction factor 
Figure 6.8 shows the effect of the correction factor 𝛥∗  on the position of an FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s. Similar to the correction factor 
𝛥 in stress-state based damage evolution Equation (6.24), when the value of 𝛥∗ varies from 
0.5 to 2.0, the changes of the level of an FLC are observed. Again, the results of forming 
limit may vary depending on testing methods. Therefore, 𝛥∗ is also considered as a correction 
factor for adjusting predicted results and fitting to experimental data. 
 
Figure 6.8 The effect of the correction factor 𝛥∗ on the predicted FLC at the deformation 
temperature of 440°C and the strain rate of 0.1 /s (∅=5.60, 𝛼1=0.45, 𝛼2=0.15) 
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6.3.2.3 Effects of principal strains 
 
Figure 6.9 The effect of the major strain parameter 𝜇1 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥∗=1.60, ∅=5.6, 𝛼2=0.15) 
 
Figure 6.10 The effect of the minor strain parameter 𝜇2 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥∗=1.60, ∅=5.6, 𝛼1=0.45) 
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Figure 6.9 and Figure 6.10 show the effects of the significance of major strain and minor 
strain on the shape of an FLC, respectively, under the same condition of the deformation 
temperature of 440°C and the strain rate of 0.1 /s. A small range of 𝜇2  value causes a 
dramatic change of the FLC shape, which means that 𝜇2 is a more sensitive parameter than 𝜇1. 
The effects of the two parameters 𝜇1 and 𝜇2 on the shape of an FLC are quite similar. The 
strain level on the right hand side of the FLD and the location of the lowest point of an FLC 
can be adjusted by varying the values of 𝜇1 and 𝜇2 to model the effects of principal strains on 
the damage evolution. A low value of 𝜇1 and a high value of 𝜇2 contribute to increasing the 
damage evolution rapidly. 
6.3.2.4 Effect of the damage rate exponent 
 
Figure 6.11 The effect of the damage rate exponent 𝜙 on the predicted FLC at the 
deformation temperature of 440°C and the strain rate of 0.1 /s (𝛥∗=1.60, 𝜇1=0.45, 𝜇2=0.15) 
Figure 6.11 shows the effect of the damage rate exponent 𝜙 on the predicted FLC. The shape 
of an FLC changes dramatically when the value of 𝜙 varies from 2.0 to 10.0. A parabolic 
shape of an FLC can be modelled with a high value of 𝜙. Two intersection points can be 
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observed on the left and right hand sides of the FLD at 𝛽 =-0.5 and 𝛽 =0.2 with fixed 
parameters of 𝛥∗, 𝜇1 and 𝜇2 at specified values. 
6.4 Determination of the constitutive equations 
6.4.1 Plane stress-based CDM materials model 
The procedure to determine the material constants associated with stress-based damage 
evolution consists of three steps. First, the values of 𝛽 under each strain path are calculated at 
a specified effective strain rate 𝜀?̇? , obtained from experimental data. Then the values of major 
strain 𝜀1 and minor strain 𝜀2 are output when the damage 𝜔 value reaches 0.3 by solving the 
Equations (6.19)-(6.24) through the Euler integration method. Second, according to the 
computed curve from the first step, by taking the temperature dependent parameters as 
constants, the values of material constants 𝛥, 𝛼1, 𝛼2, 𝛼3 and 𝜑 are adjusted from fitting the 
experimental FLC at the given strain rates of 0.01 /s, 0.1 /s and 1 /s at the deformation 
temperature of 440°C. Last, all the values obtained from the second step are retained and the 
temperature dependent constants are adjusted to determine the pre-exponent and activation 
energy associated constants in Equations (6.25)-(6.26) from fitting FLC data for different 
deformation temperatures of 370°C, 440°C and 510°C at the strain rate of 0.1 /s.  
Table 6.2 Material constants for Equations (6.24)-(6.26) for AA6082 under HFQ conditions 
 𝛼1 𝛼2  𝛼3  𝜑11 𝜑12 
AA6082 0.450 -0.065 0.050 51.317 1579.47 
 𝛥11 𝛥12 𝛥21  𝛥22  
AA6082 0.343 5758.470 2.927E-05 -5759.879 
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(a) FLD for different deformation temperatures at 0.1 /s 
 
(b) FLD for different strain rates at 440°C 
Figure 6.12 Comparison of experimental (symbols) and numerical integrated (solid curves) 
FLDs computed by plane stress-based materials model for AA6082 with various deformation 
temperatures and strain rates 
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The calibrated material constants of the damage evolution equation for AA6082 (Batch B) 
under HFQ conditions are listed in Table 6.2. Figure 6.12 shows a comparison between 
experimental (symbols) and computed (solid curves) FLD for AA6082 under HFQ conditions. 
Good agreement can be seen for each FLC in the diagrams, which implies that the thermal-
activated mechanisms described by Arrhenius-type equations are applicable for the plane 
stress-based damage evolution equation. 
6.4.2 Strain-based CDM materials model 
The strain-based CDM materials model can also be calibrated from the biaxial experimental 
data by the trial and error method. A similar calibration process as that for the determination 
of material constants in the plane stress-based CDM materials model, the procedure to 
determine the material constants associated with the strain-based damage evolution consists 
of three steps. First, the values of 𝛽  under each strain path are calculated at a specified 
effective strain rate 𝜀?̇? which was obtained from experimental data. Then the values of major 
strain 𝜀1 and minor strain 𝜀2 are output when the damage 𝜔 value reaches 0.3, when it is 
assumed to the occurrence of localised necking, by solving the Equations (6.19)-(6.23) and 
(6.28) through the backward Euler integration method. Second, according to the computed 
curve from the first step, by taking the temperature dependent parameters as constants, the 
values of material constants 𝛥∗, 𝜇1, 𝜇2 and 𝜙 are adjusted from fitting the experimental FLC 
at the given strain rates of 0.01 /s, 0.1 /s and 1 /s at the deformation temperature of 440°C. 
Last, all the values obtained from the second step are retained and the temperature dependent 
constants are adjusted until fitting experimental and computed FLC data for different 
deformation temperatures of 370°C, 440°C and 510°C at the designated strain rate of 0.1 /s is 
obtained, to determine the pre-exponent and activation energy associated constants in 
Equations (6.29)-(6.31). 
149 
 
The calibrated material constants for AA6082 (Batch B) under HFQ conditions are listed in 
Table 6.3. Figure 6.13 shows a comparison between experimental (symbols) and computed 
(solid curves) FLD for AA6082 under HFQ conditions. Good agreement can be seen for each 
FLC in the diagrams, which implies that the thermal-activated mechanisms described by 
Arrhenius-type equations are applicable for the principal strain-based damage evolution 
equation. 
Table 6.3 Material constants for Equations (6.28)-(6.31) for AA6082 under HFQ conditions 
 𝜇11 𝜇12 𝜇2  𝜙11  𝜙12 
AA6082 0.848 451.863 0.150 19.094 874.552 
 𝛥11
∗  𝛥12
∗
 𝛥21
∗
 𝛥22
∗
  
AA6082 79.785 26.063 -81.107 3.517E-03 
 
According to Figure 6.12 and Figure 6.13, both of the plane stress-based and principal strain-
based CDM materials model are promising for modelling the formability of metals under hot 
stamping conditions. The shape of an FLC can be different at various temperatures and fixed 
strain rate. It is noted that the stress-state dependent damage evolution equation is defined to 
apply to sheet metal forming process in which the plane stress situation exists, with a zero 
value of normal stress through the thickness direction. It has physical meaning to represent 
damage mechanisms by introducing stress states into the damage evolution equation. 
Compared with the stress-state based damage evolution equation, the principal strain-based 
damage evolution equation can also be used to capture the features of an FLC and it is more 
useful for practical application since formability is normally evaluated by an FLD.  
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(a) FLD for different deformation temperatures at 0.1 /s 
 
(b) FLD for different strain rates at 440°C 
Figure 6.13 Comparison of experimental (symbols) and numerical integrated (solid curves) 
FLDs computed by the strain-based materials model for AA6082 with various deformation 
temperatures and strain rates 
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6.5 Summary 
A set of unified uniaxial viscoplastic-damage constitutive equations was adopted to model the 
thermo-mechanical properties of metals under a range of forming temperatures and strain 
rates. Plane stress-based and principal strain-based damage evolution models were proposed 
to predict the formability of AA6082 sheet under HFQ conditions. Material constants in all 
equations have been calibrated from uniaxial and biaxial experimental results of AA6082. 
Good agreement between each set of experimental and predicted data has been obtained. 
Both of the sets of multi-axial viscoplastic damage constitutive equations are able to predict 
the damage process and the failure of a material under hot stamping conditions.  
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CHAPTER 7 CONCLUSIONS AND SUGGESTIONS 
FOR FUTURE WORK 
7.1 Conclusions 
7.1.1 Thermo-mechanical properties of AA6082 under HFQ conditions 
Hot tensile tests were performed to study the thermo-mechanical properties of AA6082 by 
the DIC system in the Gleeble under HFQ conditions which comprise subjecting designed 
sheet specimens to a heating process, a cooling process, and deformation at constant elevated 
temperatures and strain rates. From analysis of the test results for AA6082, pronounced 
viscoplastic properties at elevated temperatures have been observed. Strain hardening 
increases with increasing strain rate (0.1-4 /s) and decreasing temperature (400-500°C). 
Ductility decreases with decreasing temperature, but the strain rate effect on ductility is not a 
trend.  
In order to determine true stress-true strain curves in the case of the presence of temperature 
gradient, an effective gauge length was defined on the designed sheet specimen where the 
temperature drop from the mid-length of the specimen is within 10°C. An error analysis of 
the strain measurement method used in the hot tensile tests has been carried out to evaluate 
the accuracy of experimental results of flow stress-strain curves. The FE simulation model 
coupled with thermo-electrical and thermo-mechanical conditions has been verified and it can 
be used to quantify the error of this strain measurement method by analysing strain gradient 
and axial stress distribution within the gauge section of the specimen. 
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7.1.2 Feasibility of the novel biaxial testing system 
The feasibility of the novel biaxial testing system proposed for the evaluation of material 
formability has been studied and it is found that an ad-hoc apparatus, which can convert 
uniaxial tension to biaxial tension under different strain paths, can be mounted into a Gleeble 
to conduct formability tests under hot stamping conditions. The design of each component of 
the novel apparatus has been finalised in order to fit the small chamber of the Gleeble. Two 
adjacent arms of the cruciform specimen are designed as positive electrodes and the other two 
are negative electrodes for resistance heating. Four nozzles connected to the quench system 
were used for blowing air to envelop the entire specimen for the cooling process. The type of 
cruciform specimens applied to formability tests with the features of slots in the arms and 
thickness reduction in the central region has been optimised based on the selective heating 
and cooling method. An approximately uniform temperature and strain distribution in the 
central gauge region of the cruciform specimen can be obtained to induce localised necking 
and failure to occur in that region.  
7.1.3 Formability evaluation of metallic materials under hot stamping 
conditions 
Formability tests using the novel in-plane biaxial tensile testing system were conducted at 
designated deformation temperatures and strain rates after heating and cooling processes. The 
linearity of strain paths has been validated for various conditions. FLDs of AA6082 under 
HFQ conditions have been obtained at various deformation temperatures and strain rates. The 
forming limit of AA6082 under HFQ conditions increases with increasing strain rate (0.01-1 
/s) and increasing temperature (370-510°C). High strain hardening and high ductility of the 
material contributes to obtaining high formability.    
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7.1.4 Advanced materials models for FLD prediction 
One type of physically-based viscoplastic-damage constitutive model has been developed to 
describe the deformation behaviour of alloys and to predict formability of alloys under hot 
stamping conditions. It takes the mechanisms of dislocation-driven evolution processes, such 
as work hardening, dynamic and static recovery and damage, into account. The effects of 
temperature and strain rate on the thermo-mechanical response and formability of aluminium 
alloys are modelled. The damage equations are formulated based on stress states and strain 
states, respectively, to calculate forming limits of metallic material under hot stamping 
conditions. The data from uniaxial and biaxial formability experiments were used to calibrate 
and validate the equations. The determined models give accurate prediction of forming limits 
of AA6082 so that material failure can be modelled under HFQ conditions. It is established 
that each of the two sets of multi-axial viscoplastic damage constitutive equations are able to 
predict the damage evolution process and the failure of alloys under hot stamping conditions.  
7.2 Suggestions for future work 
7.2.1 Standardise strain measurement methods for tensile testing with 
temperature gradient 
Strain measurement by the DIC technique in uniaxial tensile tests is useful to obtain full field 
strain distribution under hot stamping conditions, and thus to identify the strain gradient 
caused by temperature gradient on the specimen. Different strain measurement methods 
and/or the inappropriate choice of effective gauge length, will lead to inconsistent and 
erroneous results which will be different for different alloys and deformation conditions. 
Therefore, it is necessary to standardise the strain measurement method for each testing 
situation after performing experimental work and corresponding FE analysis.        
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7.2.2 Improvements of cruciform specimen design 
The current design of cruciform specimen is acceptable for the proposed novel formability 
test in a Gleeble. The uniformity of temperature and strain distribution in the central gauge 
region is good and failure occurs in the central region of the cruciform specimen during 
stretching. However, deformation out of the central region of the specimen is asymmetric, 
which has a negative effect on the ratio of minor strain to major strain in the central gauge 
region. Therefore, the geometry of the cruciform specimen and the strategy of resistance 
heating and air cooling still can be improved to reduce the non-uniformity of deformation on 
the specimen so that a larger range of strain ratio β can be obtained.       
7.2.3 The identification and evaluation of the onset of localised necking 
The ISO standard [1] has been proposed and applied to identify the onset of localised necking 
in isothermal or room temperature deformation since 2008. This method may provide invalid 
mathematical data when alloys are subjected to non-homogeneous deformation behaviour. 
Although several time-dependent methods have been proposed to determine forming limits 
by using the DIC measured results, the accuracy of these techniques has not been evaluated 
for forming applications at elevated temperatures. 
Temperature gradient or non-uniform temperature distribution is hardly to be avoided for the 
present experimental techniques applied to hot stamping conditions, which causes non-
homogeneous deformation of alloys. In order to improve the accuracy of the determined 
forming limits of alloys, a modified method based on existing time-dependent algorithms and 
the DIC technique needs to be proposed for hot stamping applications so that the onset of 
localised necking is able to be identified accurately.    
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7.2.4 Further development of the apparatus for testing under non-linear 
strain paths 
The effect of the non-proportionality of strain path on the determination of an FLD has not 
been investigated. The current biaxial testing apparatus can be used for biaxial tests under 
linear strain paths. The design of the apparatus could be modified in order to conduct 
formability tests subjected to non-linear strain paths, which means that the ratio of minor 
strain to major strain can be varied during deformation. Obtained results from this formability 
tests would be useful for validation of damage accumulation models. 
7.2.5 Accuracy evaluation of materials modelling 
Damage evolution is usually associated with stress state and strain path. By taking these two 
factors into account, stress-based and the principal strain-based viscoplastic-damage models 
enable good prediction of material failure for evaluating formability of alloys under hot 
stamping conditions. The accuracy of predicted forming limits of AA6082 can be further 
validated through performing a real forming test experimentally under HFQ conditions.  
The anisotropic behaviour of the material and the dependence of strain path have not been 
taken into account in these two models. The anisotropy of alloys at elevated temperature can 
be further investigated experimentally by biaxial tensile tests. Since strain path is usually 
non-linear in an industrial forming process, material modelling for the prediction of an FLD 
needs to be proposed for non-linear strain paths. In another way, a stress-based FLD which is 
strain path independent can also be determined at elevated temperatures. 
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APPENDIX THE RELATION OF APPARATUS 
GEOMETRY TO STRAIN AND STRAIN RATE IN A 
CRUCIFORM SPECIMEN  
A1.  Geometrical relationship in the designed biaxial mechanism  
The invented apparatus can convert an input of uniaxial force into an output of bi-axial forces. 
The core parts of the apparatus, as shown in Figure A.1, comprise an input rotatable member, 
a plurality of rigid connection means, a drive shaft and an output rotatable member. The 
rotation of the input rotatable member around the axis of rotation rotates the drive shaft, 
thereby in turn rotating the output rotatable member to which it is coupled around the axis of 
rotation. In order to investigate the geometrical relationship in the designed biaxial 
mechanism, the input rotatable member and the output rotatable member are presented in one 
figure, as shown in Figure A.2. 
 
Figure A.1 Core parts of the apparatus 
(1- Input rotatable member, 2- Rigid connection means, 3- Drive shaft, 4- Output rotatable 
member, 6- Carriages with specimen on top, 7- Guide rails) 
4
2
3
1
5
6
7
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Figure A.2 Geometrical relationship in the biaxial mechanism 
In Figure A.2, R1 is the radius of the input rotatable member and L1 is the length of the rod 
connecting it to a jaw of the Gleeble. S1 is the length from the initial location of the Gleeble 
jaw to the centre of rotation. The radius of the output rotatable member is R2 and L2 is the 
length of the rod connecting it to the gripping point on the specimen arm. The initial distance 
from this gripping point to the centre of rotation is S2. When the input rotatable member 
rotates an angle of 𝜃1  and travels a distance of H1, the output rotatable member rotates 
through the same angle and travels a corresponding distance of H2. The angle of 𝜃1 can be 
calculated as below.         
 𝜃1 = cos
−1 (
𝑅12 + 𝑆12 − 𝐿12
2𝑅1𝑆1
) − cos−1 [
(𝐻1 + 𝑆1)2 + 𝑅12 − 𝐿12
2(𝐻1 + 𝐿1)𝑅1
] (A.1) 
 𝜃1 = cos
−1 (
𝑅22 + 𝑆22 − 𝐿22
2𝑅2𝑆2
) − cos−1 [
(𝐻2 + 𝐿2)2 + 𝑅22 − 𝐿22
2(𝐻2 + 𝐿2)𝑅2
] (A.2) 
In Equation (A.1) and (A.2), the values of R1, S1, L1, R2, S2 and L2 are constants. The values 
of H1 can be defined and controlled precisely by the Gleeble during stretching the clamped 
specimen in order to control the displacement of H2.    
R1
R1
L1
H1 S1 R2
R2
S2 H2
L2
L2
L1
167 
 
2.  Calculation of output displacement  
An effective strain rate 𝜀?̇? is designated during the biaxial stretching of the specimen and for 
each increment of time during deformation the stain 𝜀𝑒 is given by: 
 𝜀𝑒 = 𝜀?̇? ∙ ∆𝑡 (A.3) 
The effective strain can also be presented by principal strains (𝜀1, 𝜀2 and 𝜀3): 
 𝜀𝑒 =
√2
3
√(𝜀1 − 𝜀2)2 + (𝜀2 − 𝜀3)2 + (𝜀1 − 𝜀3)2 (A.4) 
The ratio of two plane strains 𝜀2 to 𝜀1 can be defined as: 
 𝛽 =
𝜀2
𝜀1
 (A.5) 
For equi-biaxial tension, the value of 𝛽 equals 1.0. 
According to the principal of constant volume during plastic deformation, 𝜀3  can be 
calculated as: 
 𝜀3 = −(𝜀1 + 𝜀2) (A.6) 
Then, the values of true strains 𝜀1 in the first tensile direction and 𝜀2 in the second tensile 
direction in the cruciform specimen can be calculated by solving the Equations (A.4) (A.5) 
and (A.6).  
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The values of true strain can be converted to that of engineering strain in order to calculate 
the corresponding deformation of the specimen. The relationship of engineering strain 𝜀𝐸 to 
true strain 𝜀𝑇 can be presented as: 
 𝜀𝐸1,2 = 𝑒
𝜀𝑇1,2 − 1 (A.7) 
The gauge section of the cruciform specimen is assumed to be the circular central region of 
reduced thickness. The radius of the circular recess is 𝑟1 , which is a constant. Then the 
displacement in each direction during the stretching is given by: 
 𝐻2 = 𝜀𝐸1,2 ∙ 𝑟1 (A.8) 
Once the required values of H2 are obtained based on the defined time step ∆𝑡, the values of 
H1 associated with the deformation time can be calculated by Equation (A.1) and (A.2) so 
that the input displacements from the Gleeble can be defined.   
 
